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*UHHQ�%D\��:,��������
SKRQH������������������
ID[������������������
H�PDLO���GWXUULII#HQFKHP�FRP�
�
%UDQLVODY�9UDQD�
8)=�&HQWUH�IRU�(QYLURQPHQWDO�5HVHDUFK�
'HSW�RI�&KHPLFDO�(FRWR[LFRORJ\�
3HUPRVHUVWUDVVH����
'�������/HLS]LJ�
*HUPDQ\�
SKRQH��������������������
ID[��������������������
H�PDLO���EY#XRH�XI]�GH�
�
-DVRQ�:HOOV�
2NODKRPD�6WDWH�8QLYHUVLW\�
����/LIH�6FLHQFHV�:HVW�
6WLOOZDWHU��2.��������
SKRQH������������������
ID[������������������
H�PDLO���ZHOOVM#RNVWDWH�HGX�
�
�
�



-HII�:K\WH�
86*6�&(5&�
�����1HZ�+DYHQ�5RDG�
&ROXPELD��02��������
SKRQH������������������H[W�������
ID[������������������
H�PDLO���MHIIBZK\WH#XVJV�JRY�
�

'RQDOG�:LONLVRQ�
86*6�¥�:5'�
5RRP�����
����:��/H[LQJWRQ�
,QGHSHQGHQFH��02��������
SKRQH������������������
ID[������������������
H�PDLO���ZLONLVRQ#XVJV�JRY
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�
&XUUHQW�6WDWXV�LQ�WKH�'HYHORSPHQW�RI�DQ�,QWHJUDWLYH�6DPSOHU�IRU�3RODU�2UJDQLF�&KHPLFDOV�LQ�
:DWHU�
�
'��$OYDUH]���-��3HWW\���-��+XFNLQV���6��0DQDKDQ���&��5RVWDG���(��)XUORQJ���7��/HLNHU���6��:HUQHU���$��
5DVWDOO��
��86*6�&ROXPELD�(QYLURQPHQWDO�5HVHDUFK�&HQWHU�������1HZ�+DYHQ�5RDG��&ROXPELD��02��������
��8QLYHUVLW\�RI�0LVVRXUL�&ROXPELD������&KHPLVWU\�%XLOGLQJ��&ROXPELD��02��������
��86*6�:DWHU�5HVRXUFHV�'LYLVLRQ��%OGJ�����'HQYHU�)HGHUDO�&HQWHU��'HQYHU��&2��������
��&KHPLH�/DERU��+\JLHQH�,QVWLWXW��,Q�1HQHQKHLPHU�)HOG������������+HLGHOEHUJ��*HUPDQ\�
�

7KH�DELOLW\�WR�PRQLWRU�DTXDWLF�HQYLURQPHQWV�IRU�SRODU�RUJDQLF�FRQWDPLQDQWV��L�H���SHVWLFLGHV��
SKDUPDFHXWLFDOV��HWF���KDV�UHFHQWO\�EHFRPH�D�WRSLF�RI�FRQVLGHUDEOH�LQWHUHVW���0DQ\�RI�WKHVH�
FKHPLFDOV��DOWKRXJK�W\SLFDOO\�QRW�ELRFRQFHQWUDWDEOH��KDYH�EHHQ�OLQNHG�WR�DFXWH�WR[LFLW\�DQG�
FKURQLF�VXEOHWKDO�HIIHFWV�VXFK�DV�HQGRFULQH�GLVUXSWLRQ���$�SURWRW\SH�VDPSOLQJ�GHYLFH�ZDV�
GHYHORSHG�DQG�KDV�EHHQ�GHPRQVWUDWHG�WR�LQWHJUDWLYHO\�VDPSOH�PRGHO�SRODU�RUJDQLF�FRQWDPLQDQWV�
VXFK�DV���α�HWK\Q\OHVWUDGLRO��GLD]LQRQ��DQG�DWUD]LQH�IRU�XS�WR����GD\V�LQ�D�ODERUDWRU\�VHWWLQJ���7KH�
VDPSOLQJ�GHYLFH�FRQVLVWV�RI�D�PL[WXUH�RI�SRO\PHULF�VROLG�SKDVH�H[WUDFWLRQ�UHVLQV�ZLWKLQ�D�
K\GURSKLOLF�PHPEUDQH�HQFORVXUH���$�SURRI�RI�FRQFHSW�ILHOG�GHSOR\PHQW�ZDV�XWLOL]HG�WR�
GHPRQVWUDWH�WKH�DELOLW\�RI�WKH�32&,6�WR�SHUIRUP�XQGHU�DFWXDO�HQYLURQPHQWDO�FRQGLWLRQV���)ROORZLQJ�
D����GD\�GHSOR\PHQW�LQ�D�ZHWODQG�FRPSOH[�FRQVLVWLQJ�RI�WUHDWHG�HIIOXHQW�IURP�D�PXQLFLSDO�
ZDVWHZDWHU�WUHDWPHQW�IDFLOLW\�DQG�ZDWHU�IURP�WKH�0LVVRXUL�5LYHU��TXDOLWDWLYH�LGHQWLILFDWLRQ�RI�D�
YDULHW\�RI�FRPSRXQGV�ZDV�DFKLHYHG���7HQWDWLYHO\�LGHQWLILHG�FRPSRXQGV�LQFOXGH�DPRQJ�PDQ\�
RWKHUV���DWUD]LQH��K\GUR[\DWUD]LQH��LEXSURIHQ��HWK\Q\OHVWUDGLRO��QRQ\O�SKHQRO��DQG�FDIIHLQH��7KH�
DWUD]LQH�VHTXHVWHUHG�IURP�WKH�0LVVRXUL�5LYHU�GLVWULEXWLRQ�FKDQQHO�ZDV�DW�D�FRQFHQWUDWLRQ�
DPHQDEOH�IRU�TXDQWLWDWLRQ���8VLQJ�WKH�FDOFXODWHG�VDPSOLQJ�UDWH�IRU�DWUD]LQH�XQGHU�PRUH�WXUEXOHQW�
FRQGLWLRQV��WKH�DPELHQW�ZDWHU�FRQFHQWUDWLRQ�ZDV�HVWLPDWHG�WR�EH������SSE��ZKLFK�LV�LQ�DJUHHPHQW�
ZLWK�WKH�UHSRUWHG�DWUD]LQH�FRQFHQWUDWLRQ�LQ�WKH�0LVVRXUL�5LYHU�RI������SSE�IURP���PRQWKV�HDUOLHU���
([WUDFWV�VXEPLWWHG�WR�D�<HDVW�(VWURJHQ�6FUHHQ��<(6��WR�GHWHUPLQH�WKH�HVWURJHQLF�SRWHQWLDO�
VHTXHVWHUHG�FKHPLFDOV�SURGXFHG�KLJKO\�VLJQLILFDQW�UHVSRQVHV�LQGLFDWLQJ�WKH�SUHVHQFH�RI�RQH�RU�
PRUH�HVWURJHQLF�FRPSRXQGV�LQ�WKH�FRPSOH[�PL[WXUHV��
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�
�
/RRNLQJ�DW�630'�5HVXOWV�IURP�D�'LIIHUHQW�$QJOH�
�
.��%RRLM�
1HWKHUODQGV�,QVWLWXWH�IRU�6HD�5HVHDUFK��32�%R[����������$%�'HQ�%XUJ��7KH�1HWKHUODQGV�
�
630'V�DUH�JUHDW�IRU�LGHQWLI\LQJ�VRXUFHV�RI�FRQWDPLQDWLRQ�RQ�VPDOO�JHRJUDSKLFDO�DQG�WHPSRUDO�
VFDOHV��L�H��ZKHQ�LQ�WKH�VWXG\�DUHD�WKH�ZDWHU�IORZ�YHORFLWLHV�DQG�WKH�H[SRVXUH�WHPSHUDWXUHV�DUH�
HVVHQWLDOO\�WKH�VDPH���$�KLJKHU�DEVRUEHG�DPRXQW�IRU�D�SDUWLFXODU�FRPSRXQG�XVXDOO\�LQGLFDWHV�D�
KLJKHU�H[SRVXUH�FRQFHQWUDWLRQ���7KLQJV�EHFRPH�PRUH�FRPSOLFDWHG��KRZHYHU��ZKHQ�EHWZHHQ�
FRPSRXQG�FRPSDULVRQV�KDYH�WR�EH�PDGH���(�J��ORZ�.2:�FRPSRXQGV�PD\�KDYH�KLJKHU�DTXHRXV�
FRQFHQWUDWLRQV��DQG�\HW�KDYH�VPDOOHU�DEVRUEHG�DPRXQWV�EHFDXVH�WKH�630'�VRUSWLRQ�FDSDFLW\�LV�
OLPLWLQJ���$QRWKHU�FRPSOLFDWLRQ�DULVHV�ZKHQ�VXEVWDQWLDO�EHWZHHQ�VLWH�GLIIHUHQFHV�H[LVW�LQ�ZDWHU�
IORZ�YHORFLWLHV�DQG�WHPSHUDWXUHV���$�WKLUG�GLIILFXOW\�WKDW�ZH�KDYH�WR�GHDO�ZLWK�LV�WKDW�WKH�§630'�
DEVRUEHG�DPRXQW¨�LV�QRW�D�TXDQWLW\�WKDW�LV�HDV\�WR�XVH�LQ�HQYLURQPHQWDO�IDWH�PRGHOLQJ�DQG�LQ�
PRQLWRULQJ�SURJUDPV���8QOHVV�ZH�FDQ�HVWDEOLVK�D�ILUP�OLQN�EHWZHHQ�WKH�DEVRUEHG�DPRXQWV�DQG�WKH�
DTXHRXV�FRQFHQWUDWLRQV�SHRSOH�ZLOO�DOZD\V�VFUDWFK�WKHLU�KHDGV�DQG�ZRQGHU�ZKDW�WKHVH�QXPEHUV�
UHDOO\�PHDQ��
�
7KH�XVH�RI�3HUIRUPDQFH�5HIHUHQFH�&RPSRXQGV��35&V��KHOSV�WR�LGHQWLI\�DQG�HOLPLQDWH�WKHVH�
SUREOHPV���6WDUWLQJ�IURP�WKH�+XFNLQV�HW�DO�������DQG������PRGHOV�,�SODQ�WR�HODERUDWH�RQ�HTXLOLEULXP�
YHUVXV�NLQHWLF�PRGHOLQJ���7KHQ�,�ZLOO�VKRZ�VRPH�UHFHQW�FDOLEUDWLRQ�GDWD�IRU�FKORULQDWHG�
K\GURFDUERQV�DQG�3$+V��FRPELQHG�XSWDNH�DQG�35&�GLVVLSDWLRQ�GDWD����,W�DSSHDUV�WKDW�LQ�VLWX�
VDPSOLQJ�UDWHV��/�G��FDQ�EH�FDOFXODWHG�IURP�35&�GLVVLSDWLRQ�UDWH�FRQVWDQWV��G����DQG�630'�ZDWHU�
SDUWLWLRQ�FRHIILFLHQWV��.VZ��IRU�WKH�35&V���7KLV�DSSURDFK�HOLPLQDWHV�WKH�QHHG�IRU�PDNLQJ�XSWDNH�
FDOLEUDWLRQ�H[SHULPHQWV�LQ�WKH�ODE���7KH�RQO\�GDWD�ZH�QHHG�LQ�RUGHU�WR�FDOFXODWH�DTXHRXV�
FRQFHQWUDWLRQV�LV���.VZ�GDWD�IRU�D�QXPEHU�RI�35&V������.RZ������DQG�.VZ�GDWD�IRU�DOO�ORZ�.RZ�
DQDO\WHV��������ZH�ZDQW�WR�VWXG\��
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�
0XVVHOV��630'V�DQG�RWKHU�3DVVLYH�6DPSOHUV�LQ�'XWFK�&RDVWDO�:DWHUV�
�
.��%RRLM�
1HWKHUODQGV�,QVWLWXWH�IRU�6HD�5HVHDUFK��32�%R[����������$%�'HQ�%XUJ��7KH�1HWKHUODQGV�
�
630'V��/3'(�PHPEUDQHV�DQG�PXVVHOV�ZHUH�H[SRVHG�IRU�VL[�ZHHNV�DW�IRXU�WR�ILYH�VWDWLRQV�LQ�WKH�
6FKHOGW�HVWXDU\�DQG�LQ�WKH�6RXWKHUQ�1RUWK�6HD�DURXQG�)HEUXDU\�DQG�DURXQG�2FWREHU��������
0XVVHO�UHVXOWV�ZHUH�D�PDMRU�GLVDVWHU�DV�IDU�DV�WKH�EHWZHHQ�VLWH�FRQWDPLQDWLRQ�DVVHVVPHQW�ZDV�
FRQFHUQHG���7KH�GLVVLSDWLRQ�UDWH�FRQVWDQWV�RI�WKH�3HUIRUPDQFH�5HIHUHQFH�&RPSRXQGV�LQGLFDWHG�
WKDW�WKH�HIIHFW�RI�IORZ�GLIIHUHQFHV�RQ�WKH�VDPSOLQJ�UDWHV�ZDV�VPDOOHU�WKDQ�������(TXLOLEULXP�ZDV�
DWWDLQHG�IRU�ORZ�.RZ�FRPSRXQGV���������
�
$GGLWLRQDO�ILHOG�H[SHULPHQWV�ZHUH�FDUULHG�RXW�LQ�WKH�:HVWHUQ�:DGGHQ�6HD���630'�H[SRVXUH�
XQGHU�FRQWUROOHG�IRUFHG�IORZ�FRQGLWLRQV�GLG�QRW�UHDOO\�SD\�RII���6DPSOLQJ�UDWHV�LQFUHDVHG�E\�D�
IDFWRU�RI�WZR��EXW�WKH�WLPH�HIIRUWV�QHHGHG�WR�PDLQWDLQ�WKH�IRUFHG�IORZ�ZHUH�TXLWH�ODUJH���3DVVLYH�
VDPSOLQJ�XVLQJ�VLOLFRQH�WXELQJ�\LHOGHG�GUDPDWLFDOO\�LQFUHDVHG�DPRXQWV�RI�ORZ�.RZ�FRPSRXQGV�
��������LQGLFDWLQJ�WKDW�ORZ�VRUSWLRQ�FDSDFLW\�PD\�OLPLW�WKH�QXPEHU�RI�FRPSRXQGV�WKDW�ZH�FDQ�
LGHQWLI\�LQ�WKH�ILHOG�
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�
'HYHORSPHQW�RI�7ZR�3DVVLYH�,QWHJUDWLYH�6DPSOHUV�IRU�7R[LF�7UDFH�0HWDOV���7KH�
3,06�DQG�6/0'�
�
:��%UXPEDXJK��-��3HWW\��-��+XFNLQV��DQG�7��0D\�
86*6�&ROXPELD�(QYLURQPHQWDO�5HVHDUFK�&HQWHU�������1HZ�+DYHQ�5RDG��&ROXPELD��02��86$�
�
7ZR�SDVVLYH�LQWHJUDWLYH�PHPEUDQH�VDPSOHUV��RQH�GHVLJQHG�IRU�VDPSOLQJ�QHXWUDO�+J�VSHFLHV�LQ�DLU�
RU�ZDWHU��DQG�WKH�RWKHU�IRU�VDPSOLQJ�GLYDOHQW�PHWDO�LRQV�IURP�ZDWHU���H�J���&G��&R��&X��1L��3E��=Q��
KDYH�EHHQ�VXFFHVVIXOO\�GHYHORSHG���7KH�SDVVLYH�LQWHJUDWLYH�PHUFXU\�VDPSOHU�RU�3,06��8�6��
SDWHQW�JUDQWHG��LV�SULPDULO\�VXLWHG�IRU�VDPSOLQJ�JDVHRXV�HOHPHQWDO�+J�IURP�DLU�DQG�LW�PD\�EH�
GHSOR\HG�IRU�LQWHUYDOV�RI�DW�OHDVW����GD\V��,W�LV�DQWLFLSDWHG�WKDW�WKH�3,06�ZLOO�EH�XVHIXO�IRU�
PRQLWRULQJ�RI�PHUFXU\�HPLVVLRQ�VRXUFHV��PHDVXULQJ�QHXWUDO�+J�VSHFLHV�LQ�ERWK�DLU�DQG�ZDWHU�LQ�
F\FOLQJ�VWXGLHV��DQG�IRU�DVVHVVLQJ�H[SRVXUH�OHYHOV�LQ�WKH�ODERUDWRU\�DQG�ZRUNSODFH��7KH�VWDELOL]HG�
OLTXLG�PHPEUDQH�GHYLFH�RU�6/0'��8�6��SDWHQW�SHQGLQJ��LV�VXLWDEOH�IRU�HLWKHU�LQ�VLWX��LQWHJUDWLYH�
ZDWHU�VDPSOLQJ��RU�IRU�WKH�GHWHUPLQDWLRQ�RI�ODELOH�PHWDO�LRQ�VSHFLHV�LQ�JUDE�ZDWHU�VDPSOHV��'HVLJQ�
FKDUDFWHULVWLFV�DQG�H[SHULPHQWDO�ILHOG�GDWD�ZLOO�EH�SUHVHQWHG�DQG�GLVFXVVHG�IRU�HDFK�VDPSOHU�
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�
4XDOLW\�$VVXUDQFH�4XDOLW\�&RQWURO�&RQVLGHUDWLRQV�IRU�WKH�3URFHVVLQJ�DQG�$QDO\VLV�RI�630'�
6DPSOHV�
�
:��&UDQRU���-��3HWW\���-��+XFNLQV���'��$OYDUH]���5��&ODUN���*��5REHUWVRQ���
��86*6�&ROXPELD�(QYLURQPHQWDO�5HVHDUFK�&HQWHU�������1HZ�+DYH�5RDG��&ROXPELD��02�������
��8�6��(QYLURQPHQWDO�3URWHFWLRQ�$JHQF\��2IILFH�RI�5HVHDUFK�DQG�'HYHORSPHQW������(DVW�+DUPRQ��/DV����
��9HJDV��19�������
�
:KLOH�D�VLJQLILFDQW�ERG\�RI�GDWD�H[LVWV�LQ�WKH�SHHU�UHYLHZHG�OLWHUDWXUH�UHJDUGLQJ�WKH�XVH�RI�630'�
VDPSOHUV�IRU�VHTXHVWHULQJ�HQYLURQPHQWDO�RUJDQLF�FRQWDPLQDQWV��WKHUH�LV�OHVV�GDWD�DYDLODEOH�LQ�
WKLV�VDPH�OLWHUDWXUH�UHJDUGLQJ�WKH�GDWD�TXDOLW\�GXULQJ�WKH�SURFHVVLQJ�RI�630'V�DQG�WKH�DQDO\VHV�
RI�FRQWDPLQDQWV�VR�VHTXHVWHUHG���7KH�§4XDOLW\�2EMHFWLYH¨�IRU�WKH�FKHPLFDO�DQDO\VHV�RI�
FRQWDPLQDQWV�VHTXHVWHUHG�E\�630'V�LV�ILUVW��WR�DFKLHYH�DFFHSWDQFH�RI�DQDO\WLFDO�GDWD�IURP�
630'V�E\�VFLHQWLILF�SHHU�UHYLHZ��DQG�XOWLPDWHO\�WR�DFKLHYH�DFFHSWDQFH�RI�630'�GDWD�E\�
UHJXODWRU\�DXWKRULW\���6FLHQWLVWV�DW�WKH�86*6�&ROXPELD�(QYLURQPHQWDO�5HVHDUFK�&HQWHU�KDYH�
UHFHQWO\�FRPSLOHG��ZLWKLQ�DQ�HVWDEOLVKHG�4XDOLW\�$VVXUDQFH�3URJUDP��4$3��DQG�XQGHU�WKH�FRQWURO�
RI�DQ�DSSURYHG�4XDOLW\�$VVXUDQFH�3URMHFW�3ODQ��4$33���GDWD�WKDW�ZLOO�EH�SUHVHQWHG�DV�WKH�
IRXQGDWLRQ�RI�D�GDWD�EDVH�WR�HVWDEOLVK�§&RQWURO�/LPLWV¨�DVVRFLDWHG�ZLWK�630'�SURFHVVLQJ�DQG�
DQDO\VHV���7KHVH�FRQWURO�OLPLWV�ZLOO�EH�WLHG�WR�RWKHU�4XDOLW\�&RQWURO��4&��SDUDPHWHUV�DVVRFLDWHG�
ZLWK�WKH�XVH�DQG�DQDO\VLV�RI�630'V�WR�GHILQH�WKH�§'DWD�4XDOLW\�2EMHFWLYHV¨�SHUWLQHQW�WR�WKH�XVH�RI�
630'V���7KH�UHVXOWV�RI�WKLV�ZRUN�VKRXOG�DLG�LQ�UHJXODWRU\�DFFHSWDQFH�RI�630'V�IRU�PRQLWRULQJ�
DPELHQW�RUJDQLF�FRQWDPLQDQWV�
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�
�
5HPRYDO�RI�0HWK\O�2OHDWH�IURP�630'�([WUDFWV�8VLQJ�1RUPDO�3KDVH�63(���
�
.��*XVWDYVRQ�
8QLYHUVLW\�RI�:LVFRQVLQ�0DGLVRQ�������2EVHUYDWRU\�'U���0DGLVRQ��:,����������
�
$QDO\WH�UHFRYHU\�IURP�630'V�FRH[WUDFWV�LQWHUIHUHQFHV�VWHPPLQJ�IURP�WKH�/'3(�WXELQJ�
�SRO\HWK\OHQH�ROLJRPHUV��DQG�WULROHLQ�LPSXULWLHV���7KH�PRVW�SUREOHPDWLF�LQWHUIHUHQFH�LV�PHWK\O�
ROHDWH��ZKLFK�LV�SUHVHQW�LQ�WKH�ILQDO�GLDO\VDWH�RI�D�VWDQGDUG�630'�SUHSDUHG�ZLWK�����WULROHLQ�DQG�
FRQFHQWUDWHG�WR���P/�DW�DSSUR[LPDWHO\����PJ�P/���7KHVH�KLJK�OHYHOV�SURGXFH�D�VXEVWDQWLDOO\�
RYHUORDGHG��VKDUN�ILQ�VKDSHG�JDV�FKURPDWRJUDSK\��*&��SHDN�ZKLFK�FDQ�REVFXUH�FR�HOXWLQJ�
FRPSRXQGV��VKLIWV�DQDO\WH�UHWHQWLRQ�WLPHV��DQG�HOHYDWH�WKH�EDVHOLQH���&XUUHQWO\��DQ�+3/&�FOHDQXS�
SURFHGXUH�EDVHG�RQ�PROHFXODU�VL]H�H[FOXVLRQ�XVLQJ�JHO�SHUPHDWLRQ�FKURPDWRJUDSK\��*3&��LV�
FRPPRQO\�HPSOR\HG�WR�VHSDUDWH�WKH�PHWK\O�ROHDWH�IURP�DQDO\WHV���7KLV�PHWKRG�UHTXLUHV�
H[SHQVLYH�HTXLSPHQW��LV�WLPH�FRQVXPLQJ��ODERU�LQWHQVLYH��DQG�QRW�HQWLUHO\�HIIHFWLYH���,Q�WKH�
FXUUHQW�ZRUN��D�QRUPDO�SKDVH�VROLG�SKDVH�H[WUDFWLRQ��63(��PHWKRG�ZDV�GHYHORSHG�XWLOL]LQJ�D�
FRPPHUFLDOO\�DYDLODEOH�GXDO�]RQH�UHVWULFWHG�DFFHVV�VRUEHQW�WR�VHSDUDWH�PHWK\O�ROHDWH�IURP�WKH�
���(3$�SULRULW\�SROOXWDQW�SRO\QXFOHDU�DURPDWLF�K\GURFDUERQV��3$+V��LQ�D�KH[DQH�PDWUL[���,Q�WKLV�
WHFKQLTXH��WKH�630'�GLDO\VDWH�LV�DSSOLHG�GLUHFWO\�WR�WKH�63(�FDUWULGJH�DQG�HOXWHG�ZLWK�D�
KH[DQH�PHWK\OHQH�FKORULGH��������PL[WXUH�WR�VHOHFWLYHO\�UHPRYH�PHWK\O�ROHDWH�ZKLOH�HOXWLQJ�3$+V���
7KLV�VSHFLILF�UHPRYDO�RI�PHWK\O�ROHDWH�OLNHO\�VWHPV�IURP�SRODU�LQWHUDFWLRQV�EHWZHHQ�WKH�PHWK\O�
HVWHU�JURXSV�RQ�WKH�OLJDQG�DQG�PHWK\O�ROHDWH���7KLV�PHWKRG�SURYLGHV�D�VLPSOH�DQG�LQH[SHQVLYH�
QRUPDO�SKDVH�FOHDQXS�PHWKRG�WKDW�FDQ�EH�XVHG�WR�UHSODFH�FRQYHQWLRQDO�*3&�WHFKQLTXHV�IRU�WKH�
HQULFKPHQW�RI�3$+V�LQ�630'�H[WUDFWV�
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�
,QYHVWLJDWLRQ�RI�'LVVROYHG�3RO\F\FOLF�$URPDWLF�+\GURFDUERQV�LQ�:DWHUV�RI�WKH�(YHUJODGHV�
�
6��+D\QHV���5��*UDJJ���&��2UD]LR���-��/HER���-��3HWW\���-��+XFNLQV���:��&UDQRU���5��&ODUN���
��)ORULGD�$JULFXOWXUDO�DQG�0HFKDQLFDO�8QLYHUVLW\��6FLHQFH�5HVHDUFK�&HQWHU��7DOODKDVVHH��)/��������
��86*6�&ROXPELD�(QYLURQPHQWDO�5HVHDUFK�&HQWHU��&ROXPELD��02��86$�
�
3ROOXWHG�UXQRII�KDV�EHHQ�VXJJHVWHG�DV�D�PDMRU�VRXUFH�RI�3$+�FRQWDPLQDWLRQ�LQ�ZDWHUV�RI�WKH�
(YHUJODGHV���(QYLURQPHQWDOLVW�DV�ZHOO�DV�FRPPXQLW\�PHPEHUV�KDYH�JURZLQJ�FRQFHUQV�DERXW�3$+�
FRQWDPLQDWLRQ�LQ�WKH�HFRV\VWHP�EHFDXVH�RI�WR[LF�HIIHFWV�RQ�WKH�DTXDWLF��WHUUHVWULDO�DQG�KXPDQ�
WLVVXHV���$OVR��DJULFXOWXUDO�FKHPLFDOV�IURP�IDUPODQG�DQG�WR[LF�PDWHULDOV�IURP�XUEDQ�DUHDV�KDYH�
VHYHUHO\�LPSDFWHG�WKH�DTXDWLF�HFRV\VWHP�LQ�VRXWK�)ORULGD��7KHUH�LV�D�ODFN�RI�LQIRUPDWLRQ�DERXW�WKH�
VSDWLDO�DQG�WHPSRUDO�GLVWULEXWLRQ�RI�GLVVROYHG�3$+V�DQG�WKHLU�SKRWRSURGXFWV���7KHVH�SROOXWDQWV�RI�
LQWHUHVW�DUH�GLIILFXOW�WR�PHDVXUH�E\�FRQYHQWLRQDO�PHDQV�RI�VDPSOLQJ���)XUWKHUPRUH��D�PHDQV�RI�
VDPSOLQJ�DQG�PHDVXULQJ�XOWUD�WUDFH�OHYHOV�RI�3$+�SKRWRSURGXFWV�LQ�WKH�DTXDWLF�HQYLURQPHQW�KDV�
QRW�EHHQ�UHSRUWHG���7KH�FRQWDPLQDQWV�RI�LQWHUHVW�LQ�WKLV�LQYHVWLJDWLRQ�ZHUH�VHOHFWHG�3$+�TXLQRQH�
SKRWRSURGXFWV�DQG�WKH�SULRULW\�SROOXWDQW�3$+V���7ZR�FDQDOV�WKDW�DUH�PRQLWRUHG�E\�WKH�6RXWK�
)ORULGD�:DWHU�0DQDJHPHQW�'LVWULFW�ZHUH�VHOHFWHG�IRU�WKLV�630'�LQYHVWLJDWLRQ���7KHVH�FDQDOV�DUH�
VRXWK�RI�WKH�(YHUJODGHV�$JULFXOWXUDO�$UHDV�DQG�OHDG�LQWR�WKH�(YHUJODGHV�1DWLRQDO�3DUN���6SHFLDO�
§DOOLJDWRU�SURRI¨�KRXVLQJ�GHYLFHV�ZHUH�GHVLJQHG�IRU�WKH�VWXG\���$IWHU�WKH����GD\�VDPSOLQJ�SHULRG��
WKH�630'V�ZHUH�UHWULHYHG��GLDO\]HG�DQG�DQDO\]HG�IRU�3$+V�DQG�SKRWRSURGXFWV���7KH�SRUWLRQ�IRU�
WKH����SULRULW\�SROOXWDQW�3$+V�ZHUH�IUDFWLRQDWHG��VHSDUDWHG�DQG�DQDO\]HG�E\�*&�3,'���7KH�
TXLQRQH�SKRWRSURGXFWV�ZHUH�DQDO\]HG��ZLWKRXW�IXUWKHU�FOHDQXS��E\�GLUHFW�+3/&�89�DQDO\VLV���1R�
FKURPDWRJUDSKLF�LQWHUIHUHQFHV�RI�FR�GLDO\]HG�FRPSRQHQWV�RFFXUUHG���7KH�*&�DQG�+3/&�PHWKRGV��
LQ�FRQMXQFWLRQ�ZLWK�630'�VDPSOLQJ��HQDEOH�3$+V�DV�ORZ�DV���QJ�630'�WR�EH�PHDVXUHG���7KH�
SKRWRSURGXFW�GHWHFWLRQ�OLPLWV�DUH�HVWLPDWHG�WR�EH�LQ�WKH�PLFURJUDP�630'�UDQJH�E\�WKLV�PHWKRG���
:H�GHWHUPLQHG�WKDW�OHYHOV�RI�3$+V�DQG�WKH�SKRWRSURGXFWV�LQ�WKH�ZDWHUV�RI�WKHVH�WZR�FDQDOV�ZHUH�
OHVV�WKDQ�WKH�ORZ�GHWHFWLRQ�OLPLWV�RI�WKLV�VDPSOLQJ�DQG�DQDO\VLV�PHWKRG���:H�DOVR�VFUHHQHG�WKH�
630'�VDPSOHV�IRU�RUJDQRFKORULQH�SHVWLFLGHV�DQG�IRXQG�''7�DQG�VHYHUDO�RWKHUV�SHVWLFLGHV�DW�
QJ�630'�OHYHOV�



3/$7)250�35(6(17$7,21�
�
�
7R[LFRORJLFDO�0RQLWRULQJ�RI�D�6LPXODWHG�2LO�6SLOO�RQ�WKH�6W��/DZUHQFH�5LYHU���3K\WRUHPHGLDWLRQ�
�
%��7��-RKQVRQ���-��3HWW\���-��+XFNLQV���.��/HH���-��*DXWKLHU���$��9HQRVD��
��86*6�&ROXPELD�(QYLURQPHQWDO�5HVHDUFK�&HQWHU��&ROXPELD��02��86$�
��2FHDQ�DQG�)LVKHULHV��0DXULFH�/DPRQWDJQH�,QVWLWXWH��0RQW�-ROL��4&��&DQDGD�
��86�(3$��&LQFLQQDWL��2+��86$�
�
7KH�6W��/DZUHQFH�5LYHU�LV�D�PDMRU�DTXDWLF�DUWHU\�IRU�WKH�PRYHPHQW�RI�SHWUROHXP�SURGXFWV�WR�WKH�
KHDUWODQG�RI�1RUWK�$PHULFD�IURP�WKH�$WODQWLF�2FHDQ���7R�HYDOXDWH�WKH�LPSDFW�RI�RLO�VSLOOV�RQ�
ULYHULQH�HFRV\VWHPV�D�VLPXODWHG�RLO�VSLOO�ZDV�LQLWLDWHG�-XQH�����������RQ�DQ�LQWUDWLGDO�ZHWODQG�VLWH�
DORQJ�WKH�6W��/DZUHQFH�5LYHU�DW�6W��&URL[��4&��&DQDGD���7KH�UDQGRPL]HG�EORFN�H[SHULPHQWDO�GHVLJQ�
FRQVLVWHG�RI�IRXU�UHSOLFDWHV�RI�ILYH�GLIIHUHQW�FRQGLWLRQV���RQH�VLWH�ZDV�QRQ�RLO�WUHDWHG�DQG�WKH�RWKHU�
IRXU�VLWHV�ZHUH�RLOHG�DQG�HDFK�JLYHQ�D�GLIIHUHQW�WUHDWPHQW���QDWXUDO�DWWHQXDWLRQ��QR�QXWULHQWV�
DGGHG���DPPRQLXP�QLWUDWH���WUL�VXSHU�SKRVSKDWH��FRPPHUFLDO�IHUWLOL]HU����LQWDFW�SODQWV��DPPRQLXP�
QLWUDWH���WUL�VXSHU�SKRVSKDWH���FXW�SODQWV��DQG�VRGLXP�QLWUDWH���WUL�VXSHU�SKRVSKDWH���LQWDFW�
SODQWV���:HDWKHUHG�0HVD�OLJKW�FUXGH�����/��ZDV�VSUD\HG�DQG�PDQXDOO\�UDNHG�LQWR�WKH�WRS�����FP�RI�
HDFK�WUHDWPHQW�EORFN����[��P����&KDQJHV�LQ�WR[LFLW\�RI�WKH�H[SHULPHQWDO�VLWHV�GXULQJ�ZHDWKHULQJ�
DQG�GHJUDGDWLRQ�ZHUH�PRQLWRUHG�ZLWK�630'�72;���630'��D�VHPLSHUPHDEOH�PHPEUDQH�GHYLFH�
FROOHFWHG�DQG�FRQFHQWUDWHG�WKH�RLO�SURGXFWV�DQG�0LFURWR[��%DVLF�7HVW��D�PLFURVFDOH�WR[LFLW\�WHVW��
GHWHUPLQHG�WKH�FKDQJHV�LQ�DFXWH�WR[LFLW\��72;����630'�XQLWV�������FP��HQFORVHG�LQ�SURWHFWLYH�
FDVHV�ZHUH�GHSOR\HG�DW�WKH�ZDWHU�VHGLPHQW�LQWHUIDFH�DW������������������������DQG����ZHHNV�DQG�
H[SRVHG�630'V�ZHUH�UHWULHYHG�DIWHU�D�RQH�ZHHN�SHULRG���630'�FRQFHQWUDWHG�VDPSOHV�ZHUH�
GLUHFWO\�GLOXWHG�ZLWK�RUJDQLF�VROYHQWV�IRU�WR[LFRORJLFDO�DQDO\VLV�E\�0LFURWR[���&KDQJHV�RYHU�WLPH�LQ�
WR[LFLW\�RI�WKH�RLO�VSLOO�DUHD�ZHUH�GHWHFWHG���7KH�REMHFWLYH�RI�WKLV�VLPXODWHG�RLO�VSLOO�ZDV�WR�
GHWHUPLQH�WKH�HIIHFWLYHQHVV�RI�ELRUHPHGLDWLRQ�ZLWK�DQG�ZLWKRXW�WKH�SUHVHQFH�RI�SODQWV�DQG�WR�
GHWHUPLQH�LI�SHWUROHXP�FRQWDPLQDWHG�IUHVKZDWHU�ZHWODQGV�FDQ�EH�UHVWRUHG�WR�ZLOG�W\SH�
FRQGLWLRQV���630'�72;�RIIHUHG�D�UDSLG��VHQVLWLYH��VLPSOH��DQG�HFRQRPLFDO�ULVN�DVVHVVPHQW�RI�DQ�
RLO�VSLOO�
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7KH�8VH�RI�3DVVLYH�6DPSOHUV�WR�'HWHUPLQH�6RLO�&RQWDPLQDQW�/HYHOV�DQG�0RQLWRU�&KDQJHV�LQ�
&RQWDPLQDQW�%LRDYDLODELOLW\�ZLWK�$JLQJ���
�
.��-RKQVRQ������&��)ULHGHO����DQG�7��.UHVV�����
��'HSDUWPHQW�RI�&KHPLVWU\����(QYLURQPHQWDO�6FLHQFHV�3URJUDP��6RXWKHUQ�,OOLQRLV�8QLYHUVLW\�(GZDUGVYLOOH��
(GZDUGVYLOOH��,/��������������
�
'HWHUPLQDWLRQ�RI�WKH�GLVWULEXWLRQ�RI�FRQWDPLQDQWV�LQ�VRLO�PD\�EH�RQH�RI�WKH�VLQJOH�PRVW�FRVWO\�
DVSHFWV�LQ�VLWH�DVVHVVPHQWV���&RQYHQWLRQDO�GHWHUPLQDWLRQ�RI�VRLO�FKHPLFDO�FRQFHQWUDWLRQV�
W\SLFDOO\�LQYROYHV�OHQJWK\�VROYHQW�H[WUDFWLRQV�DQG�VDPSOH�FOHDQXS�SURFHGXUHV�ZKLFK�DUH�XVXDOO\�
WLPH�FRQVXPLQJ�DQG�FRVWO\���$�UDSLG�VDPSOLQJ�PHWKRG�XVLQJ�SDVVLYH�VDPSOLQJ�WHFKQLTXHV�FDQ�
SURYLGH�D�PRUH�WKRURXJK�VLWH�DVVHVVPHQW���0DQ\�HIIRUWV�KDYH�IRFXVHG�RQ�WKH�XVH�RI�SDVVLYH�
VDPSOLQJ�GHYLFHV��36'V��SRO\PHULF�PHPEUDQHV�ILOOHG�ZLWK�D�VRUEHQW��WR�GHWHUPLQH�DTXHRXV�SKDVH�
FKHPLFDO�FRQFHQWUDWLRQV�LQ�DTXDWLF�V\VWHPV���:H�KDYH�EHHQ�SXUVXLQJ�WKHLU�DSSOLFDWLRQ�LQ�
WHUUHVWULDO�V\VWHPV��DQG�KDYH�IRXQG�WKHP�WR�EH�FDSDEOH�RI�DFFXUDWHO\�HVWLPDWLQJ�VRLO�FKHPLFDO�
FRQFHQWUDWLRQV�LQ�VL[�ILHOG�VWXGLHV���7KH�36'�LV�VDPSOLQJ�RQO\�WKH�SRUWLRQ�RI�FRQWDPLQDQW�HLWKHU�LQ�
WKH�YDSRU�SKDVH�RU�WUXO\�GLVVROYHG�LQ�WKH�DTXHRXV�SKDVH�RI�WKH�VRLO���$V�VXFK��ZH�KDYH�EHHQ�
VXFFHVVIXO�LQ�FRUUHODWLQJ�36'�FRQWDPLQDQW�OHYHOV�WR�VRLO�FRQFHQWUDWLRQV���36'V�LQFUHDVH�HDVH�DQG�
VSHHG�RI�DQDO\VLV��GHFUHDVH�VROYHQW�XVDJH�DQG�RYHUDOO�FRVW��DQG�PLQLPL]H�WKH�WUDQVSRUW�RI�
FRQWDPLQDWHG�VRLOV���7LPH�DQG�FRVW�VDYLQJV�DOORZ�D�KLJK�VDPSOLQJ�IUHTXHQF\��SURYLGLQJ�D�PRUH�
WKRURXJK�VLWH�FKDUDFWHUL]DWLRQ�WKDQ�WUDGLWLRQDO�PHWKRGV���:H�DUH�LQYHVWLJDWLQJ�WKH�XVH�RI�36'V�WR�
GHWHUPLQH�FRQWDPLQDQW�ELRDYDLODELOLW\�GXH�WR�WKH�SRO\PHULF�PHPEUDQH�DQG�WKH�IUDFWLRQ�RI�
FRQWDPLQDQW�EHLQJ�VDPSOHG���7KXV�IDU��DFFXPXODWLRQ�LQ�36'V�PLPLFV�WKDW�LQ�HDUWKZRUPV�DQG�
FKDQJHV�VLPLODUO\�ZLWK�FRQWDPLQDQW�DJLQJ���$GGLWLRQDOO\��GHFUHDVHV�LQ�36'�XSWDNH�ZLWK�DJLQJ�
FRUUHODWH�WR�GHFUHDVHV�LQ�VRLO�WR[LFLW\��DV�PHDVXUHG�XVLQJ�VWDQGDUGL]HG�HDUWKZRUP�WR[LFLW\�
DVVD\V��
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�
(YDOXDWLRQ�RI�3HUVLVWHQW�+\GURSKRELF�2UJDQLF�&RPSRXQGV�LQ�WKH�&ROXPELD�5LYHU�%DVLQ�8VLQJ�
6HPLSHUPHDEOH�0HPEUDQH�'HYLFHV�
�
.��0F&DUWK\��DQG�5��*DOH��
��86*6�:5'��������6(�&KHUU\�%ORVVRP�'U���3RUWODQG��25��������
��86*6�&ROXPELD�(QYLURQPHQWDO�5HVHDUFK�&HQWHU�������1HZ�+DYHQ�5RDG��&ROXPELD��02��������
�
3HUVLVWHQW�K\GURSKRELF�RUJDQLF�FRPSRXQGV�DUH�RI�FRQFHUQ�LQ�WKH�&ROXPELD�5LYHU�EHFDXVH�WKH\�
KDYH�EHHQ�FRUUHODWHG�ZLWK�DGYHUVH�HIIHFWV�RQ�ZLOGOLIH���:H�DQDO\]HG�VDPSOHV�IURP�QLQH�PDLQ�
VWHP�DQG�VL[�WULEXWDU\�VLWHV�VSDQQLQJ�PRUH�WKDQ�����PLOHV�RI�WKH�&ROXPELD�5LYHU��:DVKLQJWRQ�DQG�
2UHJRQ��IRU�SRO\FKORULQDWHG�GLEHQ]R�S�GLR[LQV��GLEHQ]RIXUDQV��SRO\FKORULQDWHG�ELSKHQ\OV��
RUJDQRFKORULQH�SHVWLFLGHV��DQG�SULRULW\�SROOXWDQW�SRO\F\FOLF�DURPDWLF�K\GURFDUERQV���%HFDXVH�
WKHVH�FRPSRXQGV�PD\�KDYH�LPSRUWDQW�ELRORJLFDO�FRQVHTXHQFHV�DW�DTXHRXV�FRQFHQWUDWLRQV�ZHOO�
EHORZ�WKH�GHWHFWLRQ�OLPLWV�DVVRFLDWHG�ZLWK�FRQYHQWLRQDO�VDPSOLQJ�PHWKRGV��ZH�XVHG�
VHPLSHUPHDEOH�PHPEUDQH�GHYLFHV��630'V��WR�VDPSOH�ZDWHU���%\�FRPSRVLWLQJ�XS�WR����630'V�
SHU�VDPSOH��ZH�DFKLHYHG�SDUWV�SHU�TXLQWLOOLRQ�GHWHFWLRQ�OLPLWV���$OO�RI�WKH�FRPSRXQG�FODVVHV�
LQYHVWLJDWHG�ZHUH�SUHYDOHQW�ZLWKLQ�WKH�EDVLQ��EXW�FRQFHQWUDWLRQV�RI�PDQ\�DQDO\WHV�ZHUH�KLJKHVW�
LQ�WKH�YLFLQLW\�RI�3RUWODQG�9DQFRXYHU��LQGLFDWLQJ�WKDW�WKH�:LOODPHWWH�VXEEDVLQ�¥�DQG�SHUKDSV�WKH�
XUEDQ�DUHD�LQ�SDUWLFXODU�¥�LV�DQ�LPSRUWDQW�VRXUFH�RI�WKHVH�FRPSRXQGV���'DWD�FROOHFWHG�GXULQJ�
EDVLQ�ORZ�IORZ�FRQGLWLRQV�LQ������DQG�DJDLQ�GXULQJ�EDVLQ�KLJK�IORZ�FRQGLWLRQV�LQ������LQGLFDWH�
WKDW�LQ�VWUHDP�SURFHVVHG�¥�VXFK�DV�GLOXWLRQ�E\�UHODWLYHO\�FOHDQ�LQIORZV�DQG�IORZ�WKURXJK�LVODQG�
K\SRUKHLF�]RQHV�¥�PD\�EH�LPSRUWDQW�PHFKDQLVPV�IRU�DWWHQXDWLQJ�GLVVROYHG�FRQFHQWUDWLRQV�RI�
K\GURSKRELF�FRPSRXQGV�
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�
6HPLSHUPHDEOH�0HPEUDQH�'HYLFHV��630'V��8VHG�IRU�(YDOXDWLRQ�RI�&RQFHQWUDWLRQ�3URILOHV�RI�
3\UHWKURLGV�LQ�3RQGV�
�
%�%��0RJHQVHQ��3��6�UHQVHQ��)��6WXHU�/DXULGVHQ��3��/DVVHQ�
1DWLRQDO�(QYLURQPHQWDO�5HVHDUFK�,QVWLWXWH��'HSDUWPHQW�RI�(QYLURQPHQWDO�&KHPLVWU\��'HQPDUN�
�
6HPLSHUPHDEOH�0HPEUDQH�'HYLFHV��630'V��DUH�WKLQ�OD\IODW�SRO\HWK\OHQH�WXEHV�ILOOHG�ZLWK�
WULROHLQ���7KH�PHPEUDQHV�ZLOO�DOORZ�GLVVROYHG�RUJDQLF�FKHPLFDO�FRPSRXQGV�WR�SDVV�WKH�
PHPEUDQH�ZKLOH�FKHPLFDOV�DGVRUEHG�WR�GLVVROYHG�RUJDQLF�PDWWHU�RU�WR�SDUWLFXODWH�PDWWHU�ZLOO�QRW�
EH�DEVRUEHG���630'V�PLPLF�WKH�XSWDNH�RI�K\GURSKRELF�FKHPLFDOV�LQ�DTXDWLF�RUJDQLVPV���$�VHULHV�
RI�630'V�ZHUH�SODFHG�DW�LQWHUYDOV�IURP�WKH�ERWWRP�WR�WKH�WRS�RI�WZR�DUWLILFLDO�SRQGV�����
3\UHWKURLGV��IHQSURSDWKULQ��SHUPHWKULQ��HVIHQYDOHUDWH�DQG�GHOWDPHWKULQ�ZHUH�VSUD\HG�RQ�WKH�
VXUIDFH�RI�WKH�SRQGV�DQG�WKH�PHPEUDQHV�ZHUH�OHIW�LQ�WKH�SRQGV�IRU���PRQWKV���3\UHWKURLGV�DUH�
K\GURSKRELF�LQVHFWLFLGHV��ORJ�3RZ�RI�WKH�H[SHULPHQWDO�FRPSRXQGV�EHLQJ�����������7KH�H[FUHWLRQ�
UDWH�RI�WKHVH�FRPSRXQGV�IURP�630'V�LV�VR�ORZ�FRPSDUHG�WR�WKH�XSWDNH�UDWH�WKDW�LQ�SUDFWLFH�WKH�
S\UHWKURLGV�ZLOO�VWD\�LQ�WKH�630'V�HYHQ�ZKHQ�WKH�ZDWHU�FRQFHQWUDWLRQ�GHFUHDVHV���&RQFHQWUDWLRQ�
RI�S\UHWKURLGV�LQ�630'V�IURP�GLIIHUHQW�GHSWK�UHIOHFWV�WKH�FRQFHQWUDWLRQ�RI�S\UHWKURLGV�LQ�WKH�
ZDWHU�SKDVH�DW�WKHVH�GHSWKV���&RUUHVSRQGLQJ�FRQFHQWUDWLRQV�RI�S\UHWKURLGV�LQ�ZDWHU�DQG�LQ�
630'V�DUH�XVHG�WR�HYDOXDWH�D�PRGHO�IRU�YHUWLFDO�GLVSHUVLRQ�RI�SHVWLFLGH�LQ�WKH�ZDWHU�FROXPQ�
FRPELQHG�ZLWK�VHGLPHQW�XSWDNH�E\�DGVRUSWLRQ�DQG�SRUH�ZDWHU�GLIIXVLRQ�
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�
0RQLWRULQJ�RI�323V�LQ�2GUD�5LYHU��&]HFK�5HSXEOLF��E\�3DVVLYH�0HWKRGV��630'��'*7��
�
7��2FHOND��.��&]DMND��5��*UDELF��0��&L]NRYD��DQG�-��6WHFND�
7KH�'LVWULFW�3XEOLF�+HDOWK�'HSDUWPHQW��3DODFNHKR��������������)U\GHN�0LVWHN��&=(&+�5(38%/,&�
�
7KH�1RUWK�0RUDYLD��&]HFK�5HSXEOLF��UHJLRQ�EHORQJV�WR�WKH�PRVW�SROOXWHG�UHJLRQV�LQ�&]HFK�
5HSXEOLF�E\�323V�DQG�KHDY\�PHWDOV��0DLQ�VRXUFHV�RI�FRQWDPLQDWLRQ�DUH�VWHHO�SODQWV��323V��
PHWDOV���FKHPLFDO�IDFWRULHV��SDSHU�SODQW��SODQWV�IRU�FKHPLFDOV��323V����DJULFXOWXUH�DQG�IRUHVW�
LQGXVWU\��2&3V���1HZ�VRXUFHV�RI�FRQWDPLQDWLRQ�DUH�JRLQJ�WR�DSSHDU��LQFLQHUDWRU��SRZHU�SODQWV��RLO�
FRPEXVWLRQ�SODQW��ORFDO�KHDWLQJ��HWF�����7KHUH�DUH�PDLQ�VRXUFHV�RI�GULQNLQJ�ZDWHU�LQ�WKLV�UHJLRQ�
�GXPSV�ZLWK�FRYHU�ZDWHU���$OO�VRXUFHV�DUH�VXEMHFWHG�WR�SHULRGLFDO�ZDWHU�TXDOLW\�WHVWLQJ�DQG�
DVVHVVPHQW�UHVSRQVLEOH�RIILFLDOV�IRU�GULQNLQJ�ZDWHU�PDQDJHPHQW��7KH�DFWLYH�VDPSOLQJ�PHWKRG�LV�
RQO\�XVHG��'XH�WR�YHU\�VORZ�FRQFHQWUDWLRQ�323V�DQG�KHDY\�PHWDOV�DQG�WHFKQLFDO�OLPLWDWLRQ�WR�
DPRXQW�RI�VDPSOH�WUHDWHG�FRPPRQ�PHWKRG�ZDV�SDVVLYH�PHWKRG�RI�VDPSOLQJ�XVHG��7KH�ERWK�
6HPLSHUPHDEOH�0HPEUDQH�'HYLFH��630'��IRU�323V�DQG�'LIIXVLYH�*UDGLHQW�7KLQ�)LOP��IRU�PHWDOV��
PHWKRGV�ZHUH�XVHG�DV�FRPSOHPHQWDU\�PHWKRG�WR�WKH�FRPPRQO\�PHWKRG�XVHG���7KH�SLORW�VWXG\�RI�
SDVVLYH�VDPSOLQJ�ZDV�DSSOLHG�IRU�2VWUDYLFH�5LYHU�DORQJ�WKH�ZKROH�VWUHDP�SDVVLQJ�WKURXJK�
LQGXVWULDO�UHJLRQ�LQFOXGLQJ�RQH�GRZQ�VWUHDP��7KH�GULQNLQJ�ZDWHU�VRXUFH��6DQFH�'XPS��ZDV�DOVR�
PRQLWRUHG�DQG�IRU�WKHVH�VWXG\�WKHVH�VDPSOHV�ZDV�FRQVLGHUHG�DV�EDFNJURXQG��:LGH�VFDOH�RI�
FRQWDPLQDQWV�ZDV�PRQLWRUHG��3&%V��3$+V��3&''V��3&')V��2&3V�DQG�VHOHFWHG�PHWDOV��
&RQFHQWUDWLRQ�RI�PHQWLRQHG�FRQWDPLQDQWV�IRXQG�LQ�WKLV�VWXG\�FRXOG�UHIOHFW�IORRGLQJ�HSLVRGH�LQ�
�������2QH�RI�WKH�PRVW�LPSRUWDQW�IDFWRUV�ZDV�DOVR�VWXGLHG��7KH�PDLQ�DLP�ZDV�ORRNLQJ�IRU�DQ�
LQIOXHQFH�RI�JHRJHQLF�DQG�DQWKURSRJHQLF�EDFNJURXQG��6DPSOLQJ�H[SHULPHQWV�ZHUH�SHUIRUPHG�LQ�
:LHOLF]ND�6DOW�0LQH��3RODQG��LQ�UDQJH�PHQWLRQHG�323V�H[FOXGLQJ�PHWDOV��7KH�SLORW�VWXG\�EURXJKW�
EDVLF�H[SHULPHQWDO�UHVXOWV�DV�WKH�EDVH�IRU�PHWKRG�YDOLGDWLRQ�WR�EH�DFFHSWHG�LQ�IUDPH�ORFDO�
OHJLVODWLRQ�DQG�PRQLWRUHG�SURJUDPPHV�ZLWK�FRQQHFWLRQ�RI�SULQFLSOHV�RI�PXOWLYDULDWH�GDWD�DQDO\VLV�
DQG�DFWLYH�ZDWHU�PDQDJHPHQW�
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�
&RQVLGHUDWLRQV�,QYROYHG�ZLWK�WKH�8VH�RI�6HPLSHUPHDEOH�0HPEUDQH�'HYLFHV��630'V��)RU�
0RQLWRULQJ�(QYLURQPHQWDO�&RQWDPLQDQWV�
�
-��3HWW\��&��2UD]LR��-��+XFNLQV��5��*DOH��-��/HER��-��0HDGRZV��:��&UDQRU��'��$OYDUH]��DQG�.��(FKROV�
86*6�&ROXPELD�(QYLURQPHQWDO�5HVHDUFK�&HQWHU�������1HZ�+DYHQ�5RDG��&ROXPELD��02��86$�
�
6HPLSHUPHDEOH�PHPEUDQH�GHYLFHV��630'V��DUH�XVHG�LQFUHDVLQJO\�RQ�D�JOREDO�VFDOH�DV�VDPSOHUV�
RI�RUJDQLF�FRQWDPLQDQWV���7KH�GHYLFHV�FDQ�EH�XVHG�WR�GHWHFW�D�YDULHW\�RI�OLSRSKLOLF�FKHPLFDOV�LQ�
ZDWHU��VHGLPHQW�VRLO��DQG�DLU���630'V�DUH�GHVLJQHG�WR�VDPSOH�QRQSRODU��K\GURSKRELF�FKHPLFDOV��
DQG�WKH�PD[LPXP�FRQFHQWUDWLRQ�IDFWRU�DFKLHYDEOH�IRU�D�SDUWLFXODU�DQDO\WH�LV�SURSRUWLRQDO�WR�LWV�
.2:���7KLV�JHQHUDOO\�OLPLWV�WKH�XWLOLW\�RI�WKH�GHYLFH�WR�VDPSOLQJ�FRPSRXQGV�ZLWK�ORJ�.2:V�!�������
&OHDQXS�RI�630'�H[WUDFWV�IRU�WDUJHWHG�DQDO\WHV�DQG�IRU�JHQHUDO�VFUHHQLQJ�E\�IXOO�VFDQ�PDVV�
VSHFWURPHWU\�GRHV�QRW�GLIIHU�JUHDWO\�IURP�DSSURDFKHV�XVHG�IRU�H[WUDFWV�IURP�RWKHU�PDWULFHV���
+RZHYHU��630'�H[WUDFWV�FRQWDLQ�SRWHQWLDO�LQWHUIHUHQFHV�WKDW�DUH�VSHFLILF�WR�WKH�PHPEUDQH�OLSLG�
PDWUL[���7KHVH�LQFOXGH�SRO\HWK\OHQH�ZD[HV��ROHLF�DFLG�DQG�PHWK\O�ROHDWH���3URFHVVLQJ�RI�WKH�
630'V�IRU�DQDO\VLV�RI�VHTXHVWHUHG�FRQWDPLQDQWV�EHJLQV�ZLWK�FOHDQLQJ�DQ\�ELRIOLP��GHEULV��DQG�
OLSLG�RII�WKH�H[WHULRU�PHPEUDQH�VXUIDFH��DQG�H[WUDFWLRQ�RI�FRQWDPLQDQWV�YLD�RUJDQLF�VROYHQW�
GLDO\VLV�WKURXJK�WKH�LQWDFW�SRO\HWK\OHQH�PHPEUDQH���,Q�D�IHZ�VLWXDWLRQV�ZKHUH�WKH�PHWKRG�RI�
GHWHFWLRQ�RU�DVVD\�LV�VHOHFWLYH�DQG�VHQVLWLYH�HQRXJK��WKLV�PD\�EH�DOO�WKH�HQULFKPHQW�UHTXLUHG���
0RUH�RIWHQ��KRZHYHU��WKH�DIRUHPHQWLRQHG�LQWHUIHUHQFHV�SUHFOXGH�DQDO\VLV�DW�WKLV�SRLQW���3RWHQWLDO�
LQWHUIHUHQFHV�FDQ�EH�SUREOHPDWLF�ZKHQ�HQULFKPHQW�DQG�RU�IUDFWLRQDWLRQ�SURFHGXUHV�DUH�OLPLWHG�WR�
HQVXUH�UHWHQWLRQ�RI�XQWDUJHWHG�FRPSRXQGV�IRU�LGHQWLILFDWLRQ�E\�IXOO�VFDQ�PDVV�VSHFWURPHWU\���$�
QXPEHU�RI�SURFHGXUHV�KDYH�EHHQ�GHYHORSHG�RU�PRGLILHG�VSHFLILFDOO\�IRU�630'�H[WUDFWV�WR�
PLQLPL]H�LQWHUIHUHQFH�IURP�FR�H[WUDFWHG�630'�UHODWHG�FRPSRQHQWV���)RU�H[DPSOH��KLJK�
SHUIRUPDQFH�VL]H�H[FOXVLRQ�FKURPDWRJUDSK\�DQG�SRWDVVLXP�K\GUR[LGH�WUHDWHG�VLOLFD�JHO�FOHDQXS�
PHWKRGV�KDYH�EHHQ�GHYHORSHG�IRU�VHOHFWLYHO\�UHPRYLQJ�OLSLG�FRPSRQHQWV��VXOIXU��DQG�
SRO\HWK\OHQH�ZD[HV�WKDW�ZRXOG�RWKHUZLVH�LQWHUIHUH�ZLWK�DQDO\VLV�RI�FRQWDPLQDQW�UHVLGXHV���,Q�WKLV�
SUHVHQWDWLRQ��ZH�ZLOO�LGHQWLI\�VSHFLILF�DSSURDFKHV�IRU�KDQGOLQJ�DQG�SURFHVVLQJ�630'V�DQG�
SUHVHQW�HIIHFWLYH�DSSURDFKHV�IRU�DGGUHVVLQJ�SRWHQWLDO�SUREOHPV�DQG�DQDO\]LQJ�WKH�FKHPLFDO�
UHVLGXHV�VHTXHVWHUHG�E\�630'V���2QJRLQJ�UHVHDUFK�WR�HQKDQFH�630'�SURFHVVLQJ�DQG�DQDO\VLV�
ZLOO�EH�VXPPDUL]HG�
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$�+ROLVWLF�$SSURDFK�IRU�$VVHVVLQJ�WKH�3UHVHQFH�DQG�3RWHQWLDO�,PSDFWV�RI�&RPSOH[�0L[WXUHV�RI�
(QYLURQPHQWDO�&RQWDPLQDQWV�

�
-��3HWW\��-��+XFNLQV��:��%UXPEDXJK��'��$OYDUH]��:��&UDQRU��-��/HER�
86*6�&ROXPELD�(QYLURQPHQWDO�5HVHDUFK�&HQWHU�������1HZ�+DYHQ�5RDG��&ROXPELD��02��86$�

�
(QYLURQPHQWDO�FRQWDPLQDQWV�VHOGRP�RFFXU�DV�VLQJOH�FRPSRQHQWV��EXW�UDWKHU�DUH�QHDUO\�DOZD\V�
FRPSOH[�PL[WXUHV�RI�D�ZLGH�YDULHW\�RI�FKHPLFDOV���&XUUHQWO\��QHDUO\�DOO�DVVHVVPHQW�DSSURDFKHV�
DUH�OLPLWHG�LQ�VFRSH�GXH�WR�WKH�FRPSOH[LW\�RI�WKH�PL[WXUHV�RI�FRQWDPLQDQWV�LQ�WKH�HQYLURQPHQW���$V�
DQ�LQWHJUDO�SDUW�RI�RXU�FRQWLQXLQJ�UHVHDUFK�LQ�WKH�GHYHORSPHQW�RI�HQYLURQPHQWDO�TXDOLW\�
DVVHVVPHQW�DSSURDFKHV��ZH�KDYH�GHYHORSHG�D�YDULHW\�RI�EURDGO\�DSSOLFDEOH�LQWHJUDWLYH�
PRQLWRULQJ�GHYLFHV�IRU�XVH�LQ�GHILQLQJ�WKH�SUHVHQFH�DQG�SRWHQWLDO�LPSDFWV�RI�D�ZLGH�DUUD\�RI�
FRQWDPLQDQWV���7KH�VHPLSHUPHDEOH�PHPEUDQH�GHYLFH��630'��KDV�JDLQHG�ZLGHVSUHDG�XVH�IRU�
VHTXHVWHULQJ�K\GURSKRELF�FKHPLFDOV�IURP�ZDWHU�DQG�DLU��ZH�DUH�FRQWLQXLQJ�GHYHORSPHQW�RI�WKH�
SRODU�RUJDQLF�FKHPLFDO�LQWHJUDWLYH�VDPSOHU��32&,6��IRU�VHTXHVWHULQJ�K\GURSKLOLF�FKHPLFDOV�IURP�
ZDWHU��DQG�WKH�VWDELOL]HG�OLTXLG�PHPEUDQH�GHYLFH��6/0'��IRU�ZDWHUERUQH�LRQLF�PHWDOV�DQG�WKH�
SDVVLYH�LQWHJUDWLYH�PHUFXU\�VDPSOHU��3,06��IRU�YDSRU�SKDVH�RU�GLVVROYHG�QHXWUDO�PHUFXU\���7KLV�
VXLWH�RI�LQWHJUDWLYH�VDPSOHUV�IRUPV�WKH�EDVLV�IRU�D�ZLGHO\�DSSOLFDEOH�DSSURDFK�IRU�DVVHVVLQJ�WKH�
SUHVHQFH�DQG�SRWHQWLDO�VLJQLILFDQFH�RI�RUJDQLVP�H[SRVXUH�WR�D�EURDG�VSHFWUXP�RI�HQYLURQPHQWDO�
FRQWDPLQDQWV���7KLV�KROLVWLF�DSSURDFK�ZLOO�EH�VXPPDUL]HG�DQG�D�SURRI�RI�FRQFHSW�ILHOG�
GHSOR\PHQW�GHVFULEHG���)XWXUH�UHVHDUFK�ZLOO�FRQWLQXH�RSWLPL]DWLRQ�RI�WKLV�KROLVWLF�DSSURDFK�DQG�
GHYHORSPHQW�RI�DGGLWLRQDO�LQWHJUDWLYH�VDPSOHUV��H�J���IRU�YRODWLOH�RUJDQLF�FKHPLFDOV�
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�
8VLQJ�6HPLSHUPHDEOH�0HPEUDQH�'HYLFHV�IRU�(VWLPDWLQJ�WKH�%LRDYDLODELOLW\�RI�2UJDQLF�
&KHPLFDOV�LQ�6RLO�
�
-��:HOOV�DQG�5��/DQQR�
'HSDUWPHQW�RI�=RRORJ\��2NODKRPD�6WDWH�8QLYHUVLW\������/LIH�6FLHQFHV�:HVW��6WLOOZDWHU��2.��������
�
6RLOV�DUH�D�FRPSOH[�HQYLURQPHQWDO�FRPSDUWPHQW�ZLWK�PDQ\�SK\VLFDO�DQG�FKHPLFDO�DWWULEXWHV�WKDW�
PRGLI\�WKH�%LRDYDLODELOLW\�DQG�WR[LFLW\�RI�RUJDQLF�FKHPLFDOV���&KHPLFDO�H[SRVXUH�LQ�VRLO�WR[LFLW\�
WHVWV�DQG�LQ�HFRORJLFDO�ULVN�DVVHVVPHQW�RI�WHUUHVWULDO�V\VWHPV�LV�XVXDOO\�H[SUHVVHG�DV�WKH�WRWDO�
RUJDQLF�FKHPLFDO�PHDVXUHG�IROORZLQJ�YLJRURXV�H[WUDFWLRQ�ZLWK�D�QRQSRODU�RUJDQLF�VROYHQW���:KLOH�
WKLV�PD\�EH�VXLWDEOH�IRU�D�VSHFLILF�WHVW�FRQGXFWHG�ZLWK�D�VLQJOH�VRLO��LW�LV�HUURQHRXV�WR�DWWHPSW�WR�
FRPSDUH�WR[LFLW\�DPRQJ�GLIIHUHQW�VRLOV�XVLQJ�WRWDO�FKHPLFDO�DV�D�PHDVXUH�RI�H[SRVXUH���3RVVLEOH�
DOWHUQDWLYHV�WR�WRWDO�FKHPLFDO�DV�D�PHDVXUH�RI�RUJDQLF�FKHPLFDO�ELRDYDLODELOLW\�DQG�H[SRVXUH�
LQFOXGH�ERG\�UHVLGXHV�LQ�WHVW�RUJDQLVPV��VRLO�H[WUDFWLRQ�ZLWK�VHOHFWLYH�VROYHQWV�RI�YDU\LQJ�SRODULW\��
DQG�SDVVLYH�VDPSOLQJ�GHYLFHV��36'V��DV�ELRORJLFDO�VXUURJDWHV���6HPL�SHUPHDEOH�PHPEUDQH�
GHYLFHV��630'V��DUH�HIILFLHQW�DFFXPXODWRUV�RI�OLSRSKLOLF�FRQWDPLQDQWV�DQG�RIIHU�SRWHQWLDO�DV�D�
ELRORJLFDO�VXUURJDWH�LQ�VRLO�V\VWHPV���7KH�VXFFHVV�RI�630'V�LQ�GHWHUPLQLQJ�WKH�ELRDYDLODELOLW\�RI�
RUJDQLF�FKHPLFDOV�LQ�VRLO�FDQ�EH�DVVHVVHG�E\�FRPSDULQJ�FKHPLFDO�UHVLGXH�XSWDNH�LQ�630'V�ZLWK�
HLWKHU�SK\VLRORJLFDO�UHVSRQVHV�RU�FKHPLFDO�UHVLGXHV�LQ�VRLO�GZHOOLQJ�WHVW�RUJDQLVPV���7KH�
REMHFWLYH�RI�WKLV�VWXG\�ZDV�WR�FRPSDUH�RUJDQLF�FKHPLFDO�XSWDNH�NLQHWLFV�DQG�UHVLGXHV�LQ�
HDUWKZRUPV��(LVHQLD�IHWLGD��DQG�630'V�H[SRVHG�LQ�DUWLILFLDO�VRLO�FRQWDLQLQJ����RU�����SHDW�DV�
RUJDQLF�PDWWHU�VSLNHG�ZLWK�SKHQDQWKUHQH��3+(������������������PPRO�NJ��GU\�ZW����5HVXOWV�VXJJHVW�
WKDW�ELRDYDLODEOH�3+(��DV�DVVHVVHG�E\�PRUWDOLW\�DQG�ERG\�UHVLGXHV��YDULHG�GUDPDWLFDOO\�ZLWK�VRLO�
RUJDQLF�PDWWHU�FRQWHQW���$OWKRXJK�D�VWHDG\�VWDWH�ZDV�QRW�DFKLHYHG��630'V�FRXOG�GLVFULPLQDWH�
GLIIHUHQFH�LQ�3+(�DYDLODELOLW\�EHWZHHQ�WUHDWPHQWV�
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�
'HWHUPLQDWLRQ�RI�(TXLOLEULXP�&RQVWDQWV��.630'V��RI�2UJDQLF�&RPSRXQGV�E\�/LSLG�&RQWDLQLQJ�
6HPLSHUPHDEOH�0HPEUDQH�'HYLFHV��630'V��DW�'LIIHUHQW�7HPSHUDWXUHV�
)��$OPHLGD���-��/HER���-��+XFNLQV���DQG�-��3HWW\��
��,QVWLWXWR�GH�4XLPLFD��81,&$03��6DR�3DXOR��%UD]LO�
��86*6�&ROXPELD�(QYLURQPHQWDO�5HVHDUFK�&HQWHU�������1HZ�+DYHQ�5RDG��&ROXPELD��02��86$�
7KH�HIIHFWV�RI�WHPSHUDWXUH�RQ�630'�HTXLOLEULXP�FRQVWDQWV��.630'V��KDYH�QRW�\HW�EHHQ�H[SORUHG�
DQG��FRQVHTXHQWO\��WKH�HTXDWLRQV�XVHG�WR�PRGHO�WKH�XSWDNH�RI�RUJDQLF�FRQWDPLQDQWV�E\�630'V�
GR�QRW�WDNH�LQWR�FRQVLGHUDWLRQ�WKH�GHSHQGHQFH�RQ�WHPSHUDWXUH���7KH�SXUSRVH�RI�RXU�ZRUN�ZDV�WR�
TXDQWLI\�WKH�HIIHFWV�RI�WHPSHUDWXUH�RQ�WKH�.630'V�RI�3KHQDQWKUHQH��3KH���S�Sª�''(��DQG����ª����ª�
7HWUDFKORURELSKHQ\O��7&%����7KH�630'V�XVHG�ZHUH�D�PLQLDWXUL]DWLRQ�RI�WKH�VWDQGDUG��
FRPPHUFLDOO\�DYDLODEOH�FRQILJXUDWLRQ���7KHVH�VDPSOHUV�KDYH�D�WRWDO�PDVV�RI������J��RI�ZKLFK������J�
LV�WULROHLQ���7KLV�UHSUHVHQWV�D�����SRO\HWK\OHQH�WULROHLQ�UDWLR���,Q�HDFK�H[SHULPHQW��DQ�630'�ZDV�
H[SRVHG�WR�����/�RI�ZDWHU�LQ�D�KDOI�JDOORQ�MDU���([SRVXUHV�FRQFHQWUDWLRQV�ZHUH�EHORZ�WKH�
SXEOLVKHG�DTXHRXV�VROXELOLWLHV�RI�HDFK�FRPSRXQG���7KH�H[SHULPHQWV�ZHUH�SHUIRUPHG�DW�WZR�
GLIIHUHQW�WHPSHUDWXUHV����R&�DQG���R&���7KH���R&�H[SHULPHQW�ZDV�FDUULHG�RXW�LQVLGH�DQ�LQVXODWHG�
VWDLQOHVV�VWHHO�WDQN�FRQWDLQLQJ�DQWLIUHH]H�ZDWHU��DQG�WKH�OLTXLG�LQ�WKH�WDQN�ZDV�HOHFWULFDOO\�FRROHG���
7KH���R&�H[SHULPHQW�ZDV�SHUIRUPHG�LQ�D�KHDWHU�VKDNHU���7KH�UHVXOWV�VKRZ�WKDW�.630'V�GHFUHDVH�
ZLWK�DQ�LQFUHDVH�LQ�WHPSHUDWXUH�IRU�DOO�WKUHH�WHVW�DQDO\WHV���)RU�''(�DQG�7&%�WKH�.630'V�DW���R&�
DUH�����DQG�����KLJKHU��UHVSHFWLYHO\��ZKHQ�FRPSDUHG�WR�WKHLU���R&�YDOXHV���)RU�3KH�WKH�
GLIIHUHQFH�EHWZHHQ�WKH�.630'�DW���R&�DQG���R&�ZDV�WKH�KLJKHVW��������)XUWKHU�H[SHULPHQWDWLRQ�LV�
EHLQJ�SHUIRUPHG�DW��R&���6R�IDU��IRU�3KH�DIWHU����GD\V�WKH�SDUWLWLRQLQJ�FRQVWDQW�LV�KLJKHU��.630'�� �
���������WKDQ�WKH�HTXLOLEULXP�FRQVWDQWV�IRU�WKH�VDPH�FRPSRXQG�DW���R&�DQG���R&���7KLV�YHULILHV�WKH�
WUHQG�RI�KLJKHU�.630'V�DW�ORZHU�WHPSHUDWXUHV�
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�
3URJUHVV�7RZDUGV�WKH�'HYHORSPHQW�RI�D�3DVVLYH�6DPSOHU�IRU�+\GURSKLOLF�2UJDQLF�&RQWDPLQDQWV�
LQ�$TXDWLF�(QYLURQPHQWV�
�
'��$OYDUH]���-��3HWW\���-��+XFNLQV���6��0DQDKDQ��
��86*6�&ROXPELD�(QYLURQPHQWDO�5HVHDUFK�&HQWHU�������1HZ�+DYHQ�5RDG��&ROXPELD��02��������
��8QLYHUVLW\�RI�0LVVRXUL�&ROXPELD������&KHPLVWU\�%XLOGLQJ��&ROXPELD��02��������
8QWLO�UHFHQWO\��K\GURSKRELF��ELRFRQFHQWUDWDEOH�FRPSRXQGV�KDYH�EHHQ�WKH�SULPDU\�IRFXV�RI�PRVW�
HQYLURQPHQWDO�RUJDQLF�FRQWDPLQDQW�LQYHVWLJDWLRQV���7KHUH�LV�DQ�LQFUHDVLQJ�UHDOL]DWLRQ�WKDW�D�
KROLVWLF�KD]DUG�DVVHVVPHQW�RI�FRPSOH[�HQYLURQPHQWDO�FRQWDPLQDQW�PL[WXUHV�UHTXLUHV�GDWD�RQ�WKH�
FRQFHQWUDWLRQV�RI�K\GURSKLOLF�RUJDQLF�FRQWDPLQDQWV�DV�ZHOO���7KLV�JURXS�RI�FRPSRXQGV�LQFOXGHV�
WKH�SRWHQW�V\QWKHWLF�KRUPRQH���a�HWK\Q\OHVWUDGLRO��ZKLFK�KDV�EHHQ�VKRZQ�WR�FRQWULEXWH�WR�
LQGXFWLRQ�RI�HVWURJHQLF�DFWLYLW\�LQ�DTXDWLF�RUJDQLVPV�H[SRVHG�LQ�HQYLURQPHQWDO�ZDWHUV���$�
SDVVLYH��LQ�VLWX�VDPSOLQJ�DSSURDFK��VLPLODU�WR�WKDW�RIIHUHG�E\�WKH�OLSLG�FRQWDLQLQJ�VHPLSHUPHDEOH�
PHPEUDQH�GHYLFH�>630'@��LV�QHHGHG�WR�LQWHJUDWLYHO\�FRQFHQWUDWH�WUDFH�OHYHOV�RI�WKHVH�FRPSOH[�
PL[WXUHV�RI�K\GURSKLOLF�FRQWDPLQDQWV�IRU�WKH�GHWHUPLQDWLRQ�RI�WLPH�ZHLJKWHG�H[SRVXUH�OHYHOV�DQG�
WKH�DVVHVVPHQW�RI�WR[LFRORJLFDO�VLJQLILFDQFH�RI�VXFK�H[SRVXUHV���%HFDXVH�VRPH�K\GURSKLOLF�
FRQWDPLQDQW�PL[WXUHV�FDQ�EH�WR[LF�HYHQ�ZKHQ�LQGLYLGXDO�FRPSRQHQWV�DUH�DW�WKH�QJ�/�OHYHO��
SHUIRUPDQFH�FULWHULD�IRU�D�§K\GURSKLOLFV¨�VDPSOHU�VKRXOG�LQFOXGH�DQDO\WH�VDPSOLQJ�UDWHV�RI�á����
/�G�DQG�D�FDSDFLW\�IRU�H[WHQGHG�H[SRVXUHV��L�H���WZR�ZHHNV�RU�PRUH����7R�DFKLHYH�WKLV�JRDO��ZH�
KDYH�LQYHVWLJDWHG�WKH�XVH�RI�VHYHUDO�GLIIHUHQW�W\SHV�RI�K\GURSKLOLF�PHPEUDQHV�DQG�VRUEHQWV���7HVW�
FKHPLFDOV��XVHG�DV�PRGHO�K\GURSKLOLF�FRQWDPLQDQWV��ZHUH���a�HWK\Q\OHVWUDGLRO��GLD]LQRQ��DQG�
DWUD]LQH���8VLQJ�D�VPDOO�SURWRW\SH�VDPSOHU��PHPEUDQH�VXUIDFH�DUHD�a���FP���LQ�UHODWLYHO\�
WXUEXOHQW�H[SRVXUH�ZDWHU��D�FOHDUDQFH�YROXPH�RI�a����/�G�ZDV�PHDVXUHG�IRU�����HWK\Q\OHVWUDGLRO�
GXULQJ�DQ����GD\�H[SRVXUH�SHULRG���$Q�RYHUDOO�VXPPDU\�RI�SURJUHVV�WR�GDWH�ZLOO�EH�SUHVHQWHG�
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�
8VLQJ�630'V�WR�([SORUH�&DXVHV�RI�$PSKLELDQ�'HFOLQHV�
�
&��%ULGJHV��(��/LWWOH��:��&UDQRU��-��3HWW\��DQG�-��+XFNLQV�
86*6�&ROXPELD�(QYLURQPHQWDO�5HVHDUFK�&HQWHU��&ROXPELD��02��86$�
�
,QFLGHQFH�RI�DPSKLELDQ�GHIRUPLWLHV�KDV�LQFUHDVHG�LQ�UHFHQW�\HDUV��HVSHFLDOO\�LQ�WKH�QRUWKHUQ�
UHJLRQ�RI�WKH�8QLWHG�6WDWHV���:KLOH�D�QXPEHU�RI�IDFWRUV�KDYH�EHHQ�SURSRVHG�DV�EHLQJ�UHVSRQVLEOH�
�H�J���FRQWDPLQDQWV��XOWUDYLROHW�UDGLDWLRQ��SDUDVLWHV���QR�VLQJOH�FDXVH�KDV�EHHQ�GHILQLWLYHO\�
HVWDEOLVKHG���,Q�QRUWK�FHQWUDO�0LQQHVRWD��VRPH�SRQGV�KDYH�GHPRQVWUDWHG�KLJK�SURSRUWLRQV�RI�
GHIRUPHG�IURJV��QHDUO\�����LQ�VRPH�VSHFLHV����6LQFH�WKH�PLG�����V�UHVHDUFKHUV�KDYH�EHHQ�
DWWHPSWLQJ�WR�ILQG�FDXVH�IRU�WKHVH�GHIRUPLWLHV�LQ�WKHVH�SRQGV���&XUUHQWO\�ZH�DUH�UHVHDUFKLQJ�
ZKHWKHU�FRQWDPLQDQWV�IRXQG�DW�WKH�VLWHV�DUH�UHVSRQVLEOH�IRU�GHIRUPLWLHV�E\�H[SRVLQJ�QDWLYH�
WDGSROHV�WR�H[WUDFWV�RI�630'V���:H�XVHG�WZR�VHWV�RI�630'V�WKDW�KDG�EHHQ�GHSOR\HG�IRU����GD\V��
RQH�VHW�LQ�D�UHIHUHQFH�DQG�RQH�LQ�D�FRQWDPLQDWHG�VLWH���%HFDXVH�PDQ\�FRQWDPLQDQWV�DUH�
SKRWRHQKDQFHG��ZH�DOVR�XVHG�89�UDGLDWLRQ�DV�D�IDFWRU�LQ�RXU�H[SHULPHQWV���:H�IRXQG�WKDW�WKH�
630'�H[WUDFWV�ZHUH�QRW�DFXWHO\�WR[LF�WR�WDGSROHV��HYHQ�DW�FRQFHQWUDWLRQV�RI�XS�WR���[�D�GDLO\�
GRVDJH���([WUDFWV�IURP�HDFK�RI�RXU�WZR�VLWHV�FDXVHG�D�GHFUHDVH�LQ�HPEU\RQLF�GHIRUPLW\�ZKHQ�
H[SRVHG�WR�89�OLJKW���+DWFKLQJ�VXFFHVV�DQG�WDGSROH�ZHLJKW�DIWHU����GD\V�ZHUH�ORZHU�LQ�WKH�
FRQWDPLQDWHG�VLWH�LQ�WKH�SUHVHQFH�RI�89�OLJKW���:H�DUH�FXUUHQWO\�DWWHPSWLQJ�WR�GHWHUPLQH�ZKHWKHU�
WKHUH�DUH�GLIIHUHQFHV�LQ�GHIRUPLW\�UDWHV�DPRQJ�WDGSROHV�UHDUHG�IRU����GD\V�LQ�WKH�630'�H[WUDFWV�
IURP�WKH�WZR�VLWHV��ZLWK�DQG�ZLWKRXW�89�OLJKW�
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�
6RXUFH�(PLVVLRQ�6XUYH\�3HUIRUPHG�ZLWK�6HPLSHUPHDEOH�0HPEUDQH�'HYLFHV��630'V��LQ�
9DULRXV�(QYLURQPHQWDO�6LWHV��,QGRRU��2XWGRRU�$LU�DQG�IURP�D�0XQLFLSDO�6ROLG�:DVWH�,QFLQHUDWRU��
�
*��*LOOL��(��%XJOLRVL��SUHVHQWLQJ�DXWKRU����
'HSW��RI�3XEOLF�+HDOWK�DQG�0LFURELRORJ\��7XULQ�8QLYHUVLW\��7XULQ��,WDO\��
�
630'V�PLPLF�SDVVLYH�GLIIXVLYH�WUDQVSRUW�RI�ELRDYDLODEOH�FRQWDPLQDQWV�WKURXJK�ELRORJLFDO�
PHPEUDQHV�DQG�WKHLU�SDUWLWLRQLQJ�EHWZHHQ�OLSLGV�DQG�DPELHQW�OHYHOV��$OWKRXJK�630'�WHFKQRORJ\�
LV�EHFRPLQJ�ZLGHO\�DFFHSWHG��WKH�OLWHUDWXUH�SURYLGHV�OLWWOH�JXLGDQFH�RQ�XVLQJ�WKHP��,Q�WKLV�SDSHU�
ZH�GHVFULEH�UHVXOWV�RI�RXU�DWWHPSWV�WR�XVH�WKLV�NLQG�RI�WRRO�DV�DLU�VDPSOLQJ�V\VWHP��$�PRQLWRULQJ�
FDPSDLJQ�ZDV�SHUIRUPHG�LQ�RUGHU�WR�HYDOXDWH�WKH�630'�HIILFLHQF\�LQ�VDPSOLQJ�HQYLURQPHQWDO�DLU�
LQ�YDULRXV�VLWHV��LQGRRU��RXWGRRU�DQG�IURP�D�PXQLFLSDO�VROLG�ZDVWH�LQFLQHUDWRU���LQ�FRPSDULVRQ�ZLWK�
FRQYHQWLRQDO�DLU�VDPSOLQJ�PHWKRGRORJ\��&RQWDPLQDQW�UHVLGXHV�VHTXHVWHUHG�LQ�WKH�630'�ZHUH�
FRQYHQLHQWO\�UHFRYHUHG�E\�GLDO\VLV�LQ�RUJDQLF�VROYHQW��)XUWKHUPRUH��DLU�VDPSOHV�ZHUH�
FRQFHQWUDWHG�E\�WKH�WZR�GLIIHUHQW�PHWKRGV��630'�DQG�FRQYHQWLRQDO�DLU�VDPSOLQJ��IRU�WKH�
HYDOXDWLRQ�RI�WKH�EHVW�HIILFLHQW�UHFRYHU\�V\VWHP��7KH�H[WUDFWV�ZHUH�WHVWHG�LQ�RUGHU�WR�HYDOXDWH�WKH�
SRWHQWLDO�WR[LF��0LFURWR[���DQG�PXWDJHQLF�HIIHFWV��:H�DOVR�DFFRPSOLVKHG�JDV�FKURPDWRJUDSK\�
PDVV�VSHFWURPHWU\�DQDO\VHV�LQ�RUGHU�WR�FKDUDFWHULVH�WKH�RUJDQLF�SROOXWDQWV�VDPSOHG��5HVXOWV�DUH�
YHU\�SURPLVLQJ�DQG�LQ�DFFRUGDQFH�WR�ZKDW�H[SHFWHG��,Q�FRQFOXVLRQ��630'V�VKRZHG�D�WR�EH�DQ�
H[FHOOHQW�WRRO�LQ�DVVHVVLQJ�WKH�SUHVHQFH�RI�KD]DUGRXV�FRPSRXQGV��WKHUHIRUH�WKLV�PHWKRG�FRXOG�
EH�RI�ZLGH�LQWHUHVW�LQ�DVVHVVLQJ�WR[LF�FRQWDPLQDQWV�LQ�LQGRRU�DQG�RXWGRRU�DPELHQW�IRU�WKHLU�
FDSDELOLW\�LQ�GHWHUPLQLQJ�SROOXWDQW�VRXUFHV�DQG�UHODWLYH�OHYHOV�DW�GLIIHUHQW�ORFDWLRQV�
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�
+LJKZD\�(QYLURQPHQWDO�,PSDFW�0RQLWRULQJ���630'�'HYLFHV�$SSOLFDWLRQ�
�
(��%XJOLRVL���9��0HLQHUL���6��%HQHYHQWL���6,7$)��
��'HSW��RI�0LFURELRORJ\�DQG�3XEOLF�+HDOWK��8QLYHUVLW\�RI�7XULQ��9LD�6DQWHQD����ELV��������7XULQ��,7$/<�
��%,248$/�6�U�O���9LD�/LYRUQR�����������7XULQ��,7$/<�
��6RFLHWj�,WDOLDQD�7UDIRUR�$XWRVWUDGDOH�GHO�)UHMXV��)UD]��6DQ�*LXOLDQR����������6XVD��,7$/<��
�
630'�WHFKQLTXH�ZDV�GHYHORSHG�IRU�SDVVLYH�LQ�VLWX�PRQLWRULQJ�RI�DTXDWLF�FRQWDPLQDQWV��
)ROORZLQJ��630'�KDYH�EHHQ�DSSOLHG�LQ�YDULRXV�HQYLURQPHQWDO�DSSOLFDWLRQV��DQG�DOVR�DV�KLJKO\�
HIILFLHQW�SDVVLYH�DLU�VDPSOHUV���'HVSLWH�WKHVH�SURPLVLQJ�UHVXOWV��IHZ�SXEOLVKHG�GDWD�DERXW�WKLV�ODVW�
DSSOLFDWLRQ�RQ�DLU�PRQLWRULQJ�DUH�DYDLODEOH�LQ�OLWHUDWXUH��7KLV�PHWKRG�FRXOG�EH�RI�ZLGH�LQWHUHVW�LQ�
DVVHVVLQJ�WR[LF�FRQWDPLQDQWV�LQ�LQGRRU�DQG�RXWGRRU�HQYLURQPHQWV�IRU�WKHLU�DELOLW\�LQ�GHWHUPLQLQJ�
SROOXWDQW�VRXUFHV�DQG�UHODWLYH�OHYHOV�DW�GLIIHUHQW�ORFDWLRQV���2XU�LQWHQWLRQ�ZDV�WR�H[SORUH�630'�DV�
SDVVLYH�DLU�VDPSOHUV�LQ�HYDOXDWLQJ�HQYLURQPHQWDO�LPSDFW�RI�D�KLJKZD\�XVLQJ�ELRORJLFDO�DVVD\V��
)LYH�VDPSOLQJ�SRLQWV�UHSUHVHQWDWLYH�RI�DOO�HFRV\VWHPV�FURVVHG�E\�WKH�KLJKZD\�ZHUH�VHOHFWHG�
WRJHWKHU�ZLWK�WZR�FRQWURO�SRLQWV��EODQNV���6WDQGDUG�630'V�ZHUH�GHSOR\HG�IRU�WKUHH�ZHHNV�LQ�
HDFK�VLWH�GXULQJ�WKH�ILUVW�VDPSOLQJ�FDPSDLJQ��VSULQJ�VHDVRQ��������WR�LQYHVWLJDWH�DLU�TXDOLW\�
UHODWHG�WR�DXWRPRWLYH�HPLVVLRQV��630'�H[WUDFWV�KDYH�EHHQ�XVHG�WR�DVVD\�DLU�VDPSOH�WR[LFLW\�
�0LFURWR[���DQG�JHQRWR[LFLW\��0XWDWR[�����%LRDVVD\V�JDYH�LQWHUHVWLQJ�UHVXOWV�DQG�DOORZHG�WKH�
GHYHORSPHQW�RI�D�ULVN�DVVHVVPHQW�PDS��ZLWK�LQFUHDVLQJ�ULVN�OHYHOV�DORQJ�WKH�KLJKZD\�
LQYHVWLJDWHG�VLWH��)XUWKHUPRUH��UHVXOWV�RI�WKLV�VWXG\�KDYH�KLJKOLJKWHG�WKH�XVHIXOQHVV�RI�WR[LFLW\�DQG�
JHQRWR[LFLW\�WHVWV�WR�DVVHVV�KHDOWK�DFXWH�DQG�FKURQLF�HIIHFWV�RI�ELRDYDLODEOH�DLU�WUDIILF�SROOXWDQWV���
,Q�FRQFOXVLRQ��630'V�VHHP�WR�SURYLGH�DQ�HIILFLHQW�WRRO�IRU�LQ�VLWX�ELRPLPHWLF�FRQFHQWUDWLRQ�RI�
ELRDYDLODEOH�HQYLURQPHQWDO�FKHPLFDOV�IRU�ELRORJLFDO�WHVWV��0RUHRYHU��ZKLOH�DFWLYH�DLU�VDPSOLQJ�
WHFKQRORJ\�VXIIHUV�IURP�FRPSOH[�PHFKDQLFDO�RSHUDWLRQ��SDVVLYH�DLU�VDPSOHUV�DUH�PRUH�DWWUDFWLYH�
EHFDXVH�RI�WKHLU�VLPSOLFLW\��)XUWKHUPRUH��VWDQGDUG�WHFKQLTXHV�RIWHQ�IDLO�WR�GHWHFW�WUDFH�OHYHOV�RI�
ELRFRQFHQWUDEOH�FRQWDPLQDQWV�DQG�VHOGRP�UHFRYHU�HQRXJK�UHVLGXH�PDVV�IRU�ELRDVVD\V�
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�
&KDUDFWHUL]DWLRQ�RI�D�6(&�6\VWHP�IRU�WKH�)UDFWLRQDWLRQ�RI�630'�'LDO\VDWHV�
�
:��&UDQRU��'��$OYDUH]��-��/HER��-��3HWW\��DQG�-��+XFNLQV�
86*6�&ROXPELD�(QYLURQPHQWDO�5HVHDUFK�&HQWHU�������1HZ�+DYHQ�5RDG��&ROXPELD��02��������
�
6FLHQWLVWV�DW�86*6�&(5&�KDYH�FKDUDFWHUL]HG�WKH�3KHQRPHQH[�3KHQRJHO�6(&�FROXPQ�XVLQJ�D������
�9�9��GLFKORURPHWKDQH�PHWKDQRO�PRELOH�SKDVH�IRU�WKH�LVRODWLRQ�RI�FHUWDLQ�FRQWDPLQDQWV�RI�LQWHUHVW�
LQ�630'�GLDO\VDWHV���7KLV�PHWKRG�LV�DSSOLFDEOH�WR�RWKHU�HQYLURQPHQWDO�PDWULFHV��KRZHYHU��DQG�
KDV�EHHQ�WDLORUHG�IRU�WKH�UHPRYDO�RI�OLSLGV��SRO\HWK\OHQH�ZD[HV��VXOIXU��DQG�RWKHU�FR�H[WUDFWHG�
PDWHULDOV�LQ�630'�GLDO\VDWHV���$�FDOLEUDWLRQ�PL[WXUH�FRQVLVWLQJ�RI��LQ�RUGHU�RI�HOXWLRQ��
GLHWK\OKH[\OSKWKDODWH��'(+3���ELSKHQ\O��QDSKWKDOHQH��FRURQHQH��DQG�VXOIXU�LV�XVHG�RQ�D�GDLO\�
EDVLV�WR�GHWHUPLQH�WKH�UHODWLYH�UHWHQWLRQ�RI�VXFK�PDWHULDOV�RQ�WKH�FROXPQ���7ZR�DOWHUQDWLYH�
UHFRPPHQGDWLRQV�DUH�JLYHQ�IRU�§FROOHFW�ZLQGRZV¨�EHJLQQLQJ�DW�HLWKHU�����RU�����RI�WKH�
GLIIHUHQFH�LQ�WKH�UHWHQWLRQ�YROXPHV�DW�WKH�DSLFHV�RI�WKH�'(+3�DQG�ELSKHQ\O�SHDNV���7KHVH�§FROOHFW�
ZLQGRZV¨�DUH�VXLWDEOH�IRU�WKH�FROOHFWLRQ�RI�PRVW�DQDO\WHV�RI�LQWHUHVW���7KH�UHWHQWLRQ�YROXPHV�RI�
RYHU�����GLIIHUHQW�DQDO\WHV�DQG�SRVVLEOH�FR�H[WUDFWHG�LQWHUIHUHQFHV�DUH�UHSRUWHG�DQG�WKHLU�
DSSURSULDWH�§FROOHFW�ZLQGRZV¨�JLYHQ���3KHQRPHQD�VXFK�DV�VHFRQGDU\�DGVRUSWLRQ�RI�DURPDWLF�
V\VWHPV�WR�WKH�VW\UHQH�GLYLQ\OEHQ]HQH�FROXPQ�SDFNLQJ�DQG�VKLIWV�LQ�UHWHQWLRQ�YROXPH�UHODWLYH�WR�
WRWDO�DQDO\WH�PDVV�DUH�GHVFULEHG�
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�
3RWHQWLDO�IRU�3KRWRGHJUDGDWLRQ�RI�3$+V�6HTXHVWHUHG�ZLWKLQ�DQ�630'�
�
&��2UD]LR���6��+D\QHV��SUHVHQWHU���-��/HER���-��+XFNLQV���-��3HWW\���DQG�5��*UDJJ��
��86*6�&ROXPELD�(QYLURQPHQWDO�5HVHDUFK�&HQWHU��&ROXPELD��02��86$�
��)ORULGD�$JULFXOWXUDO�DQG�0HFKDQLFDO�8QLYHUVLW\��6FLHQFH�5HVHDUFK�&HQWHU��7DOODKDVVHH��)/��������
�
7KH�SRWHQWLDO�IRU�SKRWRGHJUDGDWLRQ�RI�3$+V�ZLWKLQ�WKH�630'�ZDV�LQYHVWLJDWHG�XQGHU�YDULRXV�
RXWGRRU�DLU�DQG�ZDWHU�VDPSOLQJ�FRQGLWLRQV���:H�LQYHVWLJDWHG�SKRWRGHFRPSRVLWLRQ�RI�VHTXHVWHUHG�
3$+V�GXULQJ�630'�VDPSOLQJ�DQG�UHWULHYDO�FRQGLWLRQV��ZKHQ�H[SRVHG�WR�ILOWHUHG��UHIOHFWHG�DQG�
GLUHFW�VXQOLJKW�PD\�RFFXU���630'V�ZHUH�VSLNHG�ZLWK�SULRULW\�SROOXWDQW�3$+V�DQG�VXEMHFWHG�WR�
DTXDWLF�DQG�DWPRVSKHULF�FRQGLWLRQV�IRU�XS�WR���GD\V���([SRVHG�630'V�ZHUH�FRPSDUHG�WR�630'V�
NHSW�LQ�WKH�GDUN�XQGHU�VDPH�VDPSOLQJ�FRQGLWLRQV���$�IDFLOH�DQDO\WLFDO�DSSURDFK�ZDV�GHYHORSHG�IRU�
GLUHFW�DQDO\VLV�RI�WKH�3$+V�DQG�WKHLU�SKRWRSURGXFWV�LQ�630'�GLDO\VDWHV���1R�H[WUD�FOHDQ�XS�VWHSV�
ZHUH�QHHGHG��FR�GLDO\]HG�FRPSRQHQWV�WKDW�LQWHUIHUH�ZLWK�*&�VHSDUDWLRQ�DQG�GHWHFWLRQ�GLG�QRW�
DIIHFW�WKH�+3/&�89�FKURPDWRJUDSK\�RU�GHWHFWLRQ���3$+V�NQRZQ�WR�EH�PRUH�VXVFHSWLEOH�WR�
SKRWRGHFRPSRVLWLRQ�H[SRVHG�WR�GLUHFW�VXQOLJKW�ZHUH�GHJUDGHG�LQ�DWPRVSKHULF�FRQGLWLRQV���7KH�
DPRXQW�RI�UHIOHFWHG�VXQOLJKW�HQWHULQJ�WKH�FDQLVWHU�LV�RI�VXIILFLHQW�LQWHQVLW\�WR�GHJUDGH�WKH�3$+V�
GXULQJ�DLU�VDPSOLQJ�SHULRG�RI���ZHHN���630'V�GHSOR\HG�LQ�SRQG�ZDWHU�ZHUH�QRW�VLJQLILFDQWO\�
DIIHFWHG�E\�VXQOLJKW�GHSOR\HG�DW�D�GHSWK�RI��IW���:KHQ�XVLQJ�WKH�630'�IRU�3$+�VDPSOLQJ��LW�LV�
FULWLFDO�WR�SUHVHUYH�WKH�VHTXHVWHUHG�3$+V�GXULQJ�UHWULHYDO�DV�ZHOO�DV�DLU�VDPSOLQJ���)RUPDWLRQ�RI�
SRVW�VDPSOLQJ�GHJUDGDWLRQ�SURGXFWV�DQG�DOWHUDWLRQ�RI�WKH�VDPSOHG�3$+�SDWWHUQV�FDQ�RFFXU�LI�
SUHFDXWLRQDU\�SURFHGXUHV�DUH�QRW�WDNHQ�
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�
7R[LFRORJLFDO�5LVN�$VVHVVPHQW�RI�(QYLURQPHQWDO�:DWHUV���WKH�8VH�RI�0LFURVFDOH�0RQLWRULQJ�¥�
630'�72;�
�
%��7��-RKQVRQ��-��3HWW\��-��+XFNLQV�
86*6�&ROXPELD�(QYLURQPHQWDO�5HVHDUFK�&HQWHU��&ROXPELD��02��86$�
�
:DWHUERUQH�FKHPLFDO�FRQWDPLQDQWV�ZHUH�DVVHVVHG�E\�D�QHZ�WDQGHP�PRQLWRULQJ�SURFHGXUH�
�630'�72;��WKDW�XVHG�PLFURVFDOH�WR[LFLW\�WHVWV�WR�GHWHFW�FKHPLFDO�FRQWDPLQDQWV�FROOHFWHG�E\�D�
V\QWKHWLF�PHPEUDQH�GHYLFH���7KLV�VHPLSHUPHDEOH�PHPEUDQH�GHYLFH��630'��PLPLFV�WKH�SDVVLYH�
VRUSWLRQ�RI�OLSRSKLOLF�FRQWDPLQDQWV�WKURXJK�ELRORJLFDO�PHPEUDQHV�DQG�FRQFHQWUDWHV�WKH�
SROOXWDQWV�LQ�D�WKLQ�ILOP�RI�OLSLG��WULROHLQ��HQFORVHG�LQ�SRO\HWK\OHQH�WXELQJ���630'�FRQFHQWUDWHG�
VDPSOHV�ZHUH�GLOXWHG�ZLWK�RUJDQLF�VROYHQWV�IRU�WR[LFRORJLFDO�DQDO\VLV�E\�WKH�0LFURWR[�%DVLF�7HVW��
DQG�WKH�0XWDWR[�*HQRWR[LFLW\�7HVW�����WZR�PLFURVFDOH�WHVWV���([WUDFWV�ZHUH�H[SRVHG�WR�JORZLQJ�
OXPLQHVFHQW�EDFWHULD�LQ�WKH�0LFURWR[�%DVLF�7HVW�DQG�WR�QRQ�JORZLQJ��GDUN�PXWDQWV��OXPLQHVFHQW�
EDFWHULD�LQ�WKH�0XWDWR[�*HQRWR[LFLW\�7HVW���7KH�DPRXQW�RI�OLJKW�GHFUHDVH�LQ�0LFURWR[�%DVLF�7HVW�
LQGLFDWHG�WKH�DFXWH�WR[LFLW\��(&����RI�WKH�VDPSOH�DQG�WKH�DPRXQW�RI�OLJKW�LQFUHDVH�LQ�0XWDWR[�
*HQRWR[LFLW\�7HVW��ZLWK�RU�ZLWKRXW�PHWDEROLF�DFWLYDWLRQ��LQGLFDWHG�WKH�JHQRWR[LFLW\��<HV�1R��RI�WKH�
VDPSOH���7R[LFRORJLFDO�HYDOXDWLRQV�RI�VDPSOHV�IURP�OHQWLF�DQG�ORWLF�V\VWHPV�ZHUH�VXFFHVVIXOO\�
PDGH�LQ�����K�E\�630'V��0LFURWR[��DQG�0XWDWR[�XVHG�LQ�FRPELQDWLRQ���7KH�630'�72;�RIIHUHG�D�
UDSLG��VHQVLWLYH��VLPSOH��DQG�HFRQRPLFDO�ULVN�DVVHVVPHQW�RI�RXU�1DWLRQªV�HQYLURQPHQWDO�ZDWHUV�
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�
3XULILFDWLRQ�RI�����7ULROHLQ�3ULRU�WR�LWV�8VH�LQ�WKH�)DEULFDWLRQ�RI�6HPLSHUPHDEOH�0HPEUDQH�
'HYLFHV��630'V����5HPRYDO�RI�0HWK\O�2OHDWH�DQG�2OHLF�$FLG�,PSXULWLHV�
�
-�$��/HER���)�9��$OPHLGD���:�/��&UDQRU���-�'��3HWW\���DQG�-�1��+XFNLQV��
�86*6��&ROXPELD�(QYLURQPHQWDO�5HVHDUFK�&HQWHU�������1HZ�+DYHQ�5RDG��&ROXPELD��02�������
�,QVWLWXWR�GH�4XLPLFD��81,&$03��6DR�3DXOR��%UD]LO�
�
$�VLPSOH�DQG�FRVW�HIIHFWLYH�PHWKRG�KDV�EHHQ�GHYHORSHG�IRU�WKH�SXULILFDWLRQ�RI������WULROHLQ�
GHVWLQHG�IRU�XVH�LQ�630'V���$QDO\WLFDO�SUREOHPV�UHVXOWLQJ�IURP�UHVLGXDO�PHWK\O�ROHDWH�DQG�ROHLF�
DFLG�LPSXULWLHV�LQ�GLDO\VDWHV��HYHQ�DIWHU�JHO�SHUPHDWLRQ�FKURPDWRJUDSKLF�IUDFWLRQDWLRQ��FDQ�
WKHUHIRUH�EH�SUHYHQWHG���7KH�SXULILFDWLRQ�PHWKRG�FRQVLVWV�RI�UHSHWLWLYH���;��SDUWLWLRQLQJV�RI������
WULROHLQ�ZLWK�PHWKDQRO��IROORZHG�E\�FHQWULIXJDWLRQV���$ERXW�����RI�WKH�PHWK\O�ROHDWH�DQG�YLUWXDOO\�
DOO�RI�WKH�ROHLF�DFLG�DUH�UHPRYHG������RI�WKH�WULROHLQ�LV�UHFRYHUHG���7KH�UHVXOWDQW�WULROHLQ�LV�RI�
JUHDWHU�SXULW\�WKDQ�WKH�FRPPHUFLDOO\�DYDLODEOH�����JUDGH��EXW�FRVWV�RQO\�DERXW�����DV�PXFK�RQ�D�
SHU�JUDP�EDVLV���&RPSDUDWLYH�WHVWLQJ�ZLOO�VRRQ�EH�SHUIRUPHG�IRU�630'V�PDGH�IURP�WULROHLQ�WKXV�
SXULILHG�YHUVXV�VWDQGDUGL]HG�630'V��PDGH�IURP�FRPPHUFLDOO\�DYDLODEOH�����WULROHLQ����:LOO�WKHLU�
VDPSOLQJ�EHKDYLRUV�EH�DOLNH"
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�
$VVHVVPHQW�RI�,QGRRU�$LUERUQH�2UJDQLF�&RQWDPLQDQWV�XVLQJ�6HPLSHUPHDEOH�0HPEUDQH�'HYLFHV�
�
-��3HWW\���-��+XFNLQV���*��5REHUWVRQ���:��&UDQRU���5��*DOH���&��2UD]LR���'�$OYDUH]���0��2ª5RXUNH���DQG�
6��5RJDQ��
��86*6�&ROXPELD�(QYLURQPHQWDO�5HVHDUFK�&HQWHU�������1HZ�+DYH�5RDG��&ROXPELD��02�������
��8�6��(QYLURQPHQWDO�3URWHFWLRQ�$JHQF\��2IILFH�RI�5HVHDUFK�DQG�'HYHORSPHQW������(DVW�+DUPRQ��/DV�9HJDV��19�������
��8QLYHUVLW\�RI�$UL]RQD�������1RUWK�)UHPRQW�$YH���7XFVRQ��$=�������
�
$HULDO�WUDQVSRUW�RI�RUJDQLF�FRQWDPLQDQWV�RFFXUV�JOREDOO\���&RQWDPLQDQWV�DUH�UHPRYHG�IURP�WKH�
DWPRVSKHUH�E\�SDUWLFXODWH�IDOORXW��YDSRU�SKDVH�VROXWLRQ��UDLQRXW�DQG�VQRZIDOO��DQG�YDSRU�SKDVH�
VRUSWLRQ���%HIRUH�WKHVH�SURFHVVHV�UHPRYH�DLUERUQH�FRQWDPLQDQWV��WKH�FKHPLFDOV�DUH�RIWHQ�
WUDQVSRUWHG�JUHDW�GLVWDQFHV�IURP�WKH�RULJLQDO�SROOXWLRQ�VRXUFH���&RQVHTXHQWO\��DLUERUQH�
FRQWDPLQDQWV�KDYH�WKH�SRWHQWLDO�WR�DGYHUVHO\�HIIHFW�HFRV\VWHPV�DQG�KXPDQ�SRSXODWLRQV�IDU�
UHPRYHG�IURP�WKH�VRXUFH�RI�SROOXWLRQ���%HFDXVH�SHRSOH�VSHQG�WKH�PDMRULW\�RI�WKHLU�OLYHV�LQVLGH�
EXLOGLQJV�ZKHUH�WKH\�PD\�EH�H[SRVHG�WR�DLUERUQH�FKHPLFDOV�WKURXJK�LQILOWUDWLRQ�DQG�LQSXW�IURP�
YHQWLODWLRQ�V\VWHPV�DQG�IURP�VRXUFHV�ZLWKLQ�WKH�EXLOGLQJ��DVVHVVLQJ�WKH�FRQVHTXHQFHV�RI�
H[SRVXUH�WR�WKH�FKHPLFDOV�SUHVHQW�LQ�LQGRRU�DUHDV�LV�RI�JUHDW�LPSRUWDQFH���$V�SDUW�RI�D�ODUJH�
SURMHFW�WR�GHWHUPLQH�WKH�SRWHQWLDO�IRU�DGYHUVH�HIIHFWV�DVVRFLDWHG�ZLWK�KXPDQ�H[SRVXUH�WR�
K\GURSKRELF�FRQWDPLQDQWV��ZH�GHSOR\HG�VHPLSHUPHDEOH�PHPEUDQH�GHYLFHV��630'V��LQ�LQGRRU�
DUHDV�DW�VHOHFWHG�VLWHV�DORQJ�WKH�$UL]RQD�0H[LFR�ERUGHU���7KH�VDPSOHUV�ZHUH�GHSOR\HG�IRU����
GD\V�LQ�RUGHU�WR�SURYLGH�DQ�LQWHJUDWHG�DVVHVVPHQW�RI�WKH�DLUERUQH�FKHPLFDOV�SUHVHQW�LQ�WKH�LQGRRU�
DUHDV���$QDO\VLV�RI�WKH�VDPSOH�H[WUDFWV�UHYHDOHG�WKH�SUHVHQFH�RI�D�EURDG�DUUD\�RI�DLUERUQH�
FKHPLFDOV��LQFOXGLQJ��EXW�QRW�OLPLWHG�WR��WKH�''7�FRPSOH[��FKORUS\ULIRV��SRO\F\FOLF�DURPDWLF�
K\GURFDUERQV��3$+V��DQG�SRO\FKORULQDWHG�ELSKHQ\OV��3&%V����&RQWDPLQDQW�UHVLGXHV�UDQJHG�IURP�
WUDFH�OHYHOV�WR�µJ�SHU�VDPSOH�TXDQWLWLHV��7KH�FRQVHTXHQFHV�RI�KXPDQ�H[SRVXUH�WR�WKLV�FRPSOH[�
PL[WXUH�RI�DLUERUQH�FKHPLFDOV�DUH�FXUUHQWO\�XQNQRZQ�
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$UH�630'V�DV�*RRG�DV�0XVVHOV"��$�&RPSDULVRQ�RI�WKH�*UHHQ�/LSSHG�0XVVHO��3HUQD�YLULGLV��DQG�
630'V�IRU�0RQLWRULQJ�2UJDQRFKORULQH�&RQWDPLQDQWV�LQ�+RQJ�.RQJ�&RDVWDO�:DWHUV�
�
%��5LFKDUGVRQ��*��=KHQJ�DQG�3��/DP�
5HVHDUFK�&HQWUH�IRU�&RDVWDO�3ROOXWLRQ�DQG�&RQVHUYDWLRQ��'HSDUWPHQW�RI�%LRORJ\�DQG�&KHPLVWU\��&LW\�8QLYHUVLW\�RI�
+RQJ�.RQJ�����7DW�&KHH�$YHQXH��.RZORRQ��+RQJ�.RQJ�
�
$�FRPSDULVRQ�RI�PXVVHOV��3HUQD�YLULGLV��DQG�VHPL�SHUPHDEOH�PHPEUDQH�GHYLFHV��630'V��ZDV�
FDUULHG�RXW�DW�ILYH�VLWHV��UHSUHVHQWLQJ�D�JUDGLHQW�RI�FRQWDPLQDQW�FRQFHQWUDWLRQV��LQ�+RQJ�.RQJ�
FRDVWDO�ZDWHUV���0XVVHOV��RULJLQDOO\�FROOHFWHG�IURP�D�§FOHDQ¨�ORFDWLRQ��ZHUH�GHSOR\HG�DORQJ�ZLWK�
630'V�DW�HDFK�VLWH�IRU����GD\V���$QDO\VHV�RI�FKORULQDWHG�SHVWLFLGHV�DQG�SRO\FKORULQDWHG�ELSKHQ\OV�
�3&%V��LQGLFDWHG�WKDW�630'V�KDYH�SRWHQWLDO�DV�PRQLWRULQJ�WRROV��DQG�WR�VRPH�H[WHQW�FDQ�
RYHUFRPH�WKH�SUREOHPV�DVVRFLDWHG�ZLWK�PXVVHOV���+RZHYHU��LQ�PRVW�FDVHV��630'V�IDLOHG�WR�UDQN�
WKH�VLWHV�LQ�WKH�VDPH�RUGHU�DV�PXVVHOV�LQ�WHUPV�RI�FRQWDPLQDQW�FRQFHQWUDWLRQV���1RQHWKHOHVV��LQ�
ORFDOLWLHV�ZKHUH�PXVVHOV�FDQQRW�VXUYLYH�¥�DV�VKRZQ�DW�.ZXQ�7RQJ�LQ�WKH�SUHVHQW�H[SHULPHQW���
630'V�PD\�EH�YDOXDEOH�LQ�SURYLGLQJ�DQ�LQGLFDWLRQ�RI�SRWHQWLDOO\�ELR�DYDLODEOH�OLSRSKLOLF�SROOXWDQWV�
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0RQLWRULQJ�'LR[LQ�/HYHOV�LQ�0DLQH�5LYHUV�ZLWK�6HPLSHUPHDEOH�0HPEUDQH�'HYLFHV�
�
+��6KRYHQ�
8QLYHUVLW\�RI�0DLQH�:DWHU�5HVHDUFK�,QVWLWXWH�������6DZ\HU�(QYLURQPHQWDO�5HVHDUFK�,QVWLWXWH��2URQR��0(�������������
�
7KH�0DLQH�'HSDUWPHQW�RI�(QYLURQPHQWDO�3URWHFWLRQ��'(3��FXUUHQWO\�PRQLWRUV�ULYHU�GLR[LQ�OHYHOV�
WKURXJK�IRFXVLQJ�RQ�GLR[LQªV�ELRDFFXPXODWLRQ�LQ�ILVK���5HFHQW�VWDWH�OHJLVODWLRQ�PDQGDWHV�WKDW�E\�
������WKH�OHYHOV�RI�GLR[LQ�LQ�WKH�ULYHU�GRZQVWUHDP�IURP�DQ�LQGXVWULDO�IDFLOLW\�DUH�QRW�WR�H[FHHG�WKH�
OHYHOV�XSVWUHDP�IURP�WKDW�IDFLOLW\���7KLV�WKHVLV�SURMHFW�VHHNV�WR�IXOILOO�WKH�UHTXLUHPHQW�RI�ILQGLQJ�D�
VXLWDEOH�PHWKRG�IRU�GHWHUPLQLQJ�LQGXVWULDO�IDFLOLW\�FRPSOLDQFH�WR�WKLV�XSVWUHDP�GRZQVWUHDP�ODZ���
6HPLSHUPHDEOH�PHPEUDQH�GHYLFHV��630'V��SURYLGH�DQ�DOWHUQDWLYH�GLR[LQ�PRQLWRULQJ�PHWKRG�WKDW�
FLUFXPYHQWV�PDQ\�RI�WKH�SUREOHPV�SUHVHQW�LQ�WKH�FXUUHQW�ILVK�PHWKRG���2YHU�WKH�FRXUVH�RI�WZR�
ILHOG�VHDVRQV��ZH�ZLOO�DVVHVV�WKH�IHDVLELOLW\�RI�XVLQJ�630'V�WR�PRQLWRU�GLR[LQ�OHYHOV�LQ�0DLQH�
ULYHUV���7KH������ILHOG�VHDVRQ�IRFXVHG�RQ�GHYHORSLQJ�YLDEOH�ILHOG�DQG�ODERUDWRU\�630'�PHWKRGV�
ZKLOH�WKH������ILHOG�VHDVRQ�ORRNV�WR�DSSO\LQJ�WKHVH�PHWKRGV�WR�XSVWUHDP�GRZQVWUHDP�VLWHV���7KH�
ODERUDWRU\�PHWKRGV�GHYHORSHG�LQ�WKH������ILHOG�VHDVRQ�DFKLHYHG�VXFFHVV�DV�GHPRQVWUDWHG�E\�
VXUURJDWH�UHFRYHULHV�IDOOLQJ�ZLWKLQ�WKH�DFFHSWDEOH�UDQJHV�RI�(3$�0HWKRG�����%���0RUHRYHU��
FKURPDWRJUDPV�REWDLQHG�WKURXJK�KLJK�UHVROXWLRQ�JDV�FKURPDWRJUDSK\���KLJK�UHVROXWLRQ�PDVV�
VSHFWURPHWU\��+5*&�+506��LQGLFDWH�WKDW�ERWK�WR[LF�DQG�QRQ�WR[LF�GLR[LQ�FRQJHQHUV�KDYH�EHHQ�
FROOHFWHG�IURP�WKH�ULYHU�E\�WKH�630'V�
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8SWDNH�DQG�5HOHDVH�.LQHWLFV�RI�6HOHFWHG�2UJDQRFKORULQHV�DQG�3$+V�E\�0XVVHOV�DQG�630'V�
�
(��7VH��%��5LFKDUGVRQ�DQG�3��/DP�
5HVHDUFK�&HQWUH�IRU�&RDVWDO�3ROOXWLRQ�DQG�&RQVHUYDWLRQ��'HSDUWPHQW�RI�%LRORJ\�DQG�&KHPLVWU\��&LW\�8QLYHUVLW\�RI�
+RQJ�.RQJ�����7DW�&KHH�$YHQXH��.RZORRQ��+RQJ�.RQJ�
�
8SWDNH�DQG�UHOHDVH�NLQHWLFV�RI�VHOHFWHG�3$+V�DQG�RUJDQRFKORULQH�SHVWLFLGHV�ZHUH�VWXGLHG�LQ�
VHPL�SHUPHDEOH�PHPEUDQH�GHYLFHV��630'V��DQG�PXVVHOV��3HUQD�YLULGLV��GHSOR\HG�LQ�D�VWDWLF�
GDLO\�UHQHZDO�V\VWHP���2UJDQLF�FRQWDPLQDQWV�LQ�WKH�H[SHULPHQWDO�WDQNV�ZHUH�GLVWULEXWHG�EHWZHHQ�
WKH�VHDZDWHU�GLVVROYHG�SKDVH�DQG�D�SDUWLFXODWH�SKDVH��WKH�ODWWHU�EHLQJ�FRPSRVHG�FKLHIO\�RI�
XQLFHOOXODU�JUHHQ�DOJDH��'XQDOLHOOD�WHUWLROHFWD��ZKLFK�ZHUH�XVHG�WR�IHHG�WKH�PXVVHOV���&DOFXODWLRQ�
RI�NLQHWLF�FRQVWDQWV�IRU�PXVVHOV�LQGLFDWHG�WKDW�XSWDNH�IURP�WKH�SDUWLFXODWH�SKDVH�ZDV�VLJQLILFDQW�
IRU�FRQWDPLQDQWV�ZKLFK�WHQG�WR�SDUWLWLRQ�LQ�WKDW�SKDVH���'HVSLWH�WKH�IDFW�WKDW��E\�GHILQLWLRQ��630'V�
VDPSOH�RQO\�GLVVROYHG�FRPSRXQGV��PRVW�RI�WKH�WHVWHG�FRQWDPLQDQWV�ZHUH�WDNHQ�XS�DW�UDWHV�
FRPSDUDEOH�WR�WKRVH�IRU�PXVVHOV���&RQYHUVHO\��FRQWDPLQDQW�HOLPLQDWLRQ�WRRN�SODFH�PXFK�PRUH�
UDSLGO\�LQ�PXVVHOV��LPSO\LQJ�WKDW�630'V�DUH�EHWWHU�FDQGLGDWHV�IRU�GHWHFWLQJ�HSLVRGLF�GLVFKDUJH�RI�
RUJDQLF�FRQWDPLQDQWV�
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&DOLEUDWLQJ�WKH�8SWDNH�.LQHWLFV�RI�6HPLSHUPHDEOH�0HPEUDQH�'HYLFHV�LQ�:DWHU���WKH�,PSDFW�RI�
+\GURG\QDPLFV�
�
%��9UDQD��*��6FK��UPDQQ�
'HSW��RI�&KHPLFDO�(FRWR[LFRORJ\��8)=�&HQWUH�IRU�(QYLURQPHQWDO�5HVHDUFK��/HLS]LJ��*HUPDQ\�
�
/LSLG�FRQWDLQLQJ�VHPLSHUPHDEOH�PHPEUDQH�GHYLFHV��630'V��SUHVHQW�D�PRQLWRULQJ�PHWKRG�WKDW�LV�
FRQYHQLHQW�IRU�FRQWLQXRXV�SDVVLYH��LQ�VLWX��PRQLWRULQJ�RI�ELRFRQFHQWUDWDEOH�RUJDQLF�FRQWDPLQDQWV�
LQ�D�ZDWHUFRXUVH���$W�SUHVHQW�WLPH��RQO\�IHZ�VDPSOLQJ�UDWH�GDWD�DUH�DYDLODEOH�IRU�WKH�HVWLPDWLRQ�RI�
DPELHQW�FRQWDPLQDQW�FRQFHQWUDWLRQV�IURP�DQDO\WH�OHYHOV�LQ�H[SRVHG�630'V���,Q�RUGHU�WR�
FKDUDFWHUL]H�WKH�HIIHFW�RI�ZDWHU�IORZ�FRQGLWLRQV�RQ�WKH�XSWDNH�NLQHWLFV��630'V�ZHUH�H[SRVHG�LQ�D�
FKDPEHU�FRQQHFWHG�WR�D�FRQWLQXRXV�IORZ�V\VWHP�RYHU�D�WLPH�SHULRG�RI����GD\V�DW�FRQVWDQW�ZDWHU�
FRQFHQWUDWLRQV�DQG�DW�WKUHH�IORZ�YHORFLWLHV���'XULQJ�H[SRVXUH��PHPEUDQH�GHYLFHV�ZHUH�VDPSOHG�
DW�WLPH�LQWHUYDOV�DQG�WKHLU�FRQWHQWV�DQDO\]HG�WR�GHWHUPLQH�FRQFHQWUDWLRQV�RI�VHOHFWHG�
RUJDQRFKORULQH�SROOXWDQWV���7KH�UHOHDVH�RI�GHXWHUDWHG�DQWKUDFHQH�VSLNHG�WR�WKH�630'V�SULRU�WR�
H[SRVXUH�ZDV�XVHG�DV�LQGHSHQGHQW�PHDVXUH�RI�WKH�H[FKDQJH�NLQHWLFV�EHWZHHQ�630'�DQG�ZDWHU���
6WDWLF�H[SRVXUHV�ZHUH�DOVR�FRQGXFWHG�WR�PHDVXUH�WKH�SDUWLWLRQ�FRHIILFLHQWV�RI�WKH�
RUJDQRFKORULQHV�EHWZHHQ�630'�FRPSDUWPHQWV���$�NLQHWLF�PRGHO�IRU�FRQWDPLQDQW�DFFXPXODWLRQ�
LQFRUSRUDWLQJ�ERWK�DTXHRXV�ILOP�DQG�SRO\HWK\OHQH�ILOP�PDVV�WUDQVIHU�ZDV�ILWWHG�WR�GDWD�IURP�
H[SRVXUH�VWXGLHV���7KH�GDWD�VXJJHVW�K\GURG\QDPLF�FRQGLWLRQV�PD\�FRQWURO�WKH�DFFXPXODWLRQ�RI�
PDQ\�FKHPLFDOV�LQ�630'V��


